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It has been the aim of the author to produce a book that will 
prove useful in both the lecture room and in the laboratory 
Although a work upon the subject of electrochemistry must pre- 
suppose a workmg knowledge of chemistry and electricity, it has been 
the objeijt of the writer to introduce the subject as clearly as possible, 
dealmg with chemistry and electricity without assuming too much on 
the pait of the student The book is so written that it may be read 
Through as a history by the student, presenting Iheoi-y and practice 
together, with the introduction of an ample number of experiments 
to supply experimental evidence for the theories advanced In the 
later and more piactical part of the book, exeicises in preparing 
electrolytic compounds and in isolating metals are mtioduced It 
has also been the aim of the water to introduce new mateiial with 
suggestions for additional experiments with the hope that the work 
wiU not be unwelcome to those already well informed in the subject 
Electrochemistry is at best a subject for the advanced student, and 
in order to carry out the experimental work with profit, as given 
here, he must have pursued beforehand laboratory courses m both 
chemistry and physics If the more mature and cxpeiienced student 
profits by a study of the book, or the instructoi obtains assistance in 
teaching or suggestions for new work, the object in wuting the book 
will be attained 
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SOMJE IMPORTANT SiteGESTIONS TO STUDENTS AND 
. RESEARCH WORKERS IN ELECTROCHEMISTRY 


A PERUSAL of the works devoted to electrocheroistry, especially 
the earlier ones, will show as a rule a sad and almost complete lack 
cf important data relative to practical manipulations This absence 
of govemhig facts m the note-books of many students and research 
workers also renders it very difficult if not impossible to repeat the 
i^lrk with any certainty, or to instruct others to do so The author 
wishes to impress upon the student the absolute necessity of observing 
and recording numerous electrical factors in all electrochemical 
work 

Chemists, until very lately, have shown a pathetic need of elec- 
tiical knowledge, a failing only rivalled, it may be said, by the lack 
of chemical knowledge exhibited by electricians It should be con- 
stantly borne in mind that electrochemistry is primanly the work of 
the chenust The application of the electric current and its control, 
although of vital importance, is subordinate to the purely chemical 
side Electrocheimcal operations are essentially chemical and based 
upon purely chemical changes, and it is only the man with a bi oad 
and keen insight into theoretical chemistry who can ever hope 
to mhke a successful electrochemist or electiochenucal engineer 
Nevertheless a thorough working knowledge of electricity is to-day 
absolutely necessary for success Electrochemical science is only 
to be mastered by the man with «. chemical and physical equipment 

A few words of caution relative to practical work Do not begin 
an experiment or a preparation by roughly mixing up an electrolyte 
and subjecting it to the action of an unmeasured electnc jurrent 
in a haphazaid manner Tf you entei in your note- books that a 
solution of a certain strength was electrolyzed for a certam time by 
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a current of so many amperes, do not Teel that you have recorded 
all the important data You have not begun to take into account 
the necessary govermng conditions What * of the 1;empeiature? 
What of the electrode area and current density, at well as the mate-^ 
rial of the electrodes ? What was the electrode tension ? Tl^e specijjc 
giavity before and after electrolysis? What was the character of 
the apparatus and the dimensions of the cell? Were anode 
cathode temperatures the same oi was there a difference ? These 
are but a few questions that could be asked after an expeiimental 
run, all of which throw important hght upon what yas going on 
Let the student have constantly in mind that he is above all things* 
a chemist and doing a chemist’s work, and, secondly, that he is a. 
physicist or electrician, and that the electric current which he is 
using IS capable of application in numerous ways j^n electric 
current is composed of factors, and its deportment as a reagent is 
largely dependent upon these factors A student who mixes up a 
solution m a hurry, sticks in electrodes more or less clean, and tuffis, 
on the current will never get the most out of a possibility except 
by a remote chance, and if he is a careless worker, he is not likely 
to recognize the full significance of a success if by chance he should 
succeed Some cases of electrolysis are extremely complicated, and 
It wiU even prove necessary at times to repeat the same experiment 
many times in order to obtain and lecoid all the facts One lun 
may be made foi anode and cathode temperature changes, another 
for density changes, and another for analytical purposes, all with a 
constant and set current strength, perhaps Do not feel that one 
must use large quantities The best work is often done by repeated 
expeiiment, using small quantities of material 



TABLE -OF CONTENTS 


CHAPTER I 

•PIiSTORiCAL Notes and Important Classic Researches 

Early Experiment of Sir Humphry Davy m isolating the metals 
Sodirwi and Potassium Mechanism of electrolysis of potassium 
hydroxide theoretically considered Experimental electrolysis of a 
solution* of sodium or potassium hydroxide The theory of electroly- 
tic dissoaation Practical directions for the application and control of 
the electric current in experimental work 

CHAPTER II 

Tee Theory op Electrolytic Dissociation 

Electroljtes and non electrolytes Simple experiment to show elec 
trolytcs and non electrolytes Laws of Boyle, Gay-Lussac, and Avoga- 
dro relative to the behavior of substances m solution Osmoti c Pressure 
and method of measiumg it The Prinaple of Sorct Apphcation of 
data as experimental evidence in favor of the theory of electrolytic 
dissociation 

CHAPTER III 

The Theory of Electrolytic Dissociation {continued) 

Additional expenmental evidence in its support The lowering of the 
freezing point of solvents The elevation of the boiling points of solvents 
The neutrahzation of acids and bases The dissociation of ammomum 
chloride Dissociating action of water and other bodies Practical 
expenment to show dissociation by increase in molecular conductivity 
and color change Summary of experimental facts in support of the 
theory of electrolytic dissociation • 

CHAPTER IV 

Novel Experiments in “ELEcraoLyric Induction " ^ 

Ostwald’s experiment in static inducDon to show the presence of 
“free ions ” Ostwald and Nernst’s expenment in static induction to 



TABLE OF CONTENTS 


show the presence of free ions Author’s experunent m static induchon 
tq, show the presence of free ions through the agency of the reflecting 
galvanometer as a chemical indicator Expenments to show effect of 
magnetism upon a coil of electrolyte Experiment t« show the effect 
of an eleetnc current traversing an electrolyte upoif a magnetic needle 
Experiment to show and to measure the j^ect of an electric ciJrrent 
traversing an electrolyte, upon a mass of*iron Compansons between 
magnetic effects if conductors of first and second class when carrying , 
current Experiment to show electrodeless conduction Experiment 
to show and to study the effect of alternating currents upon electrolytes 
The influence of "frequency, ” the energy factor remaining constant 

CHAPTER V 

"The Velocity of Electrolytic Conduction ’’ ^ 

Ostwald’s expenment to show instantaneous conduction through 
electrolytes Expenments with a high speed special band chroaograph 
capable of dividing a second into a million parts Author’s expenment 
to show instantaneous conduction through electrolytes, and to compare 
the time reqmred for conduction between conductors of the first and second 
class Lodge’s expenment for determimng the absolute velocities of 
the ions The sigmficance of the data m hand in relation to the tiieory 
of electrolytic dissociation 


CHAPTER VI 

Faraday’s Law 

Electrochemical and chermcal eqmvalents Expenmental demon- 
stration of Faraday’s Law Table of a few electrochemical equivalents 
arranged as a guide for the student Validity of Faraday’s Law Law 
of Dulong and Petit m relation to the facts brought out by Faraday’s 
Law Short table of atomic heats The construction and use of the 
silver voltameter The copper voltameter The gas voltameter 
Distinction between current required to electrolyse, and the energy 
absorbed Expenment to show the energy absorbed m different 
electrolytes when a common current is passing Expenments to show 
the mechamcal transport of ponderable matenal The experimental 
electrolysis of zinc chlonde The electrolysis of sohd glass when sub 
jected to heat Expenments with fjozen electrolytes Expenment to 
show heat convection in electrolysis 

CHAPTER VH 

Energw Required in Electrolysis 

Practical formula for calculating it Partid table of the heats of 
formation of chemical compounds The experimental liberation of 



TABLE OF CONTENTS 


metallic^magnesuim from an igneous or fused electrolyte, with current 
and eneigy determinations The electrolysis of concentrated slilpliunc 
acid into its eleTncnts, with energy, calculation and theoretical mechanism 
of ^electrolysis The separation of metals through ad;sustment of 
electrode tension The (construction and operation of a rotating anode 
cqmpment for the rapid elffctro deposition of metals Expenment with 
copper sulphate solution to show concentiation ch^ges Theory upon 
which the concentrations are believed to take place Experimental 
apparatus of Mather and Jones for determimng concentration changes 
and calculating the relative velocities of the ions 

CHAPTER VIII 

Important Conditions to be Noted in Electrochemical Operations 117 
A table showing usefid tabulation of data The influence of current 
density on oxidation and reduction Expenment to show the effect of 
current dehsity upon oxidation and reducUon Experimental arrange- 
ment of Beckmann thermometers for studying electrode temperatures 
in electrocheimcal research The electrolytic production of caustic 
so3a and clilorine from salt The electrolytic production of wlnte lead 
from lead electrodes The electrolytic production of cadmium yellow 
The electrolytic production of mercury vermilion The electrolytic 
production of Scheele’s Green The electrolytic production of Berlin 
Blue Apparatus and equipment 

CHAPTER IX 

The Electrolytic Preparation or Potassium Chlorate prom Potas- 
sium Chloride 133 

The electrolytic preparation of sulphur tnoxide Introduction of 
speaal apparatus for the electrolysis of solutions yielding gaseous prod- 
ucts and means for condensing and estimating same The electneal 
production of Ozone Bnef history of ozone and its applications 
Ozone generators using sulphuric acid Ozone generators using 
metal-coated tubes The commercial production of ozone and the 
purification of drinking water fhrough its use 

CHAPTER X 

The Production op N#rEic*AciD erom the Atmosphere 150 

Bnef history of mtne aad and the histone chemical and electneal 
means of obtaimng it from air Vanous forms of combustion chambers 
for the titatment of the air or gases drawn in Influence of the size of 



TABLE OF CONTENTS 


Xll 


comVustipn chambers Influence of amperage and energy in secondary 
of transformers, or in the flaming arcs used Influence of temperatme 
The experimental and commercial pieces of appaiatiffi designed and in 
use The construction of a simple rotating electrode equipment for the 
production of nitric acid from air in the lectuievioom oi laboratory 

CHAPTER XI 

'I'uE Isolation or the Metals Sodium and Potassium 165 

Bnef historic sketch of the early work Processes of exfraction 
Method of Sir Humplu^ Davy Apparatus of Charles Watt Borscher’s , 
sodium cell, and tabulation of workable conditions Castner cell and 
process The design of a small Castner cell for isolating sodium and 
potassium on a small scale Calculation for minimum voltage necessary 
for isolating sodium 

CHAPTER XII 

The Isolation or the Metal Aluminum ^ 174 

Brief history and outline of icstarches upon the production of 
aluminum Carbon reduction furnaces Borschei’s furnace De- 
ville’s apparatus Hall’s furnace H^roult’s furnace The pio- 
duction of aluminum bion7e Method of charging and operating 
furnaces for the isolation of the metal and the production of aluminum 
bronze 

CHAPTER XIII 

The Isolation or Calcium 186 

Outline of the early work in isolating this metal, enumerating the 
difficulties encountered Bunsen’s directions and reference to the 
importance of current density conditions Illustration in section and 
detail of an experimental calcium furnace, with instructions for prepariilg 
the metal upon a small scale Difficulties met and piecautions necessary 

Borscher’s experimental calaum furnace and method of operating it 

CHAPTER XIV 

The Electric Furnace and Furnace Products »■ 194* 

The construction of a wire-resister muffle-furn<tfce for temperatuics 
under 1600° C Vertical type upon same pnnaple, with directions for 
making Author’s “Senes Carbon” furnace for the production of high 
temperatures on the i^o-volt circuit Illustration of furnace," diagram 



" TABLE OF CONTENTS 


of connections, and method of using Directions for the production 
of calaum, carbide ujion an experimental scale The construction of 
an arc or resister furnace for the production of the highest temperatures 
when ample currrat 15 available 


COPTER XV 

Preparation of Organic Compounds 207 

The electrolysis of sodium acetate with the hberation of hydrogen and 
ethane The electrolytic production of iodoform Detailed directions 
for producing small quantities in the laboratory The synthesis of 
atetylene The production of carbon disulphide and outhne of com- 
mercial preparation The production of chloroform Electrolytic 
oxidation The preparation of kanann Apparatus of HoSman 
Electrolytic reduction 


CHAPTER XVI 

The Primary Cell 219 

Historic outhne of early theories to account for the ongin of the 
current The production and origin of current in the light of modem 
physical chemistry The phenomenon of solution tension Experiment 
to show "chemical action at a distance ” The theory of the cell and the 
theory of electrolytic dissociation Nernst and Helmholtz’s “double 
layer” The normal electrode and its uses Neuman’s table of potential 

differences between metals and their salts The tension senes of the 
metals The chemistry and electrochemistry of the Darnell cell 
CalculaUon of electromobve force m primary batteries 


CHAPTER XVII 


The Secondary Cell 237 

Conditions to be studied m the secondary cell The construction 
and study of a simple expenmental cell Typical discharge curve of 
ideal storage-battery Author’s ®reflecbng hydrometer for studying 
density changes m battenes Sellon’s hydrometer The theory and 
chemistry of the storage battery Difficulties m the way of a clear and 
•perfect study Ayrton’s theory of the secondary cell Theory^ of 
Plants Views of TreCdwea The charging and care of storage-Fat- 
tenes Rules for the maintenance of cells Calculation of capacity of 
storage-cells Calculation of electromotive force 



TABLE OF CONTENTS " 


CHAPTER XVin 


Electeicity erom Carbon : 

Pnmary aad secondary powers Zinc as fu^ Thermoelectncity 
Thermoelectric battery and couples Werning tcT student in research 
work not to confound thermoelectric phenomena Becquerel’s experi- 
ment on the oxidation of carbon to produce the electric current direct 
Work of JablochiofE and Jacques Ostwald’s outline of necessary con- 
ditions for success Solution and ionization of carbon Experiment 
to show solution of carbon Lack of data m most cases where research 
work has been done Edison’s furnace wiong in pnnciple'for the 
oxidabon of carbon to electnaty Outlook for the solution of the 
problem 


CHAPTER XIX 
UsEFtn. Pieces of Appakattjs 

Conductivity cells for studying electrolytes with movable and 
stationary electrodes Delicate electrolytic rheostat Electrolytic test 
tubes Electrolytic test tube with removable porous partition Hoff- 
mann’s apparatus Direcbons for making one upon a large spale The 
Wenhelt interrupter and its apphcation to induction coils and apparatus 
requinng an intermittent current The aluminum rectifier for convert 
ing alternating cuirents into direct currents Principle upon which 
the aluminum rectifier is believed to act 

CHAPTER XX 

Bibliography Chronogeaphicaxly Arranged 

A review of ihe historic writings upon electrolysis and electrochem 
istry, electrometallurgy, etc , to date The bibliography is not claimed 
to be in anywise complete, but it is thought to cover many classic writings 
as well as numerous important researches of a more recent and practical 
nature The bibliography as introduced should be of espeaal value 
to students interested in early work 



EXPERIMENTAL ELECTROCHEMISTRY 


CHAPTER I 

IIISTOPICAL NOTES, AND IMPORTANT CLASSIC RESEARCHES, 
WITH SIMPLE DIAGRAMS OF THE USE OF THE ELEC- 
TRIC- CURRENT TO ELECTROLYSIS 

Believing that the pioper introduction to this volume should 
give a review of the Instoncal work, togetlier with a notice of the 
more b^sic experimental evidence obtained in support of the theones 
and laws advanced, the opening pages are devoted to recording the 
more impoitant researches and disco venes 

As tins chapter deals jointly with electricity and chemistry, the 
best place to commence the recording of events is the time when the 
galvanic or voltaic current was mtroduced or grafted into chemistry 
The history of electrochemistry before the discovery of the gal- 
vanic current requires but a brief description Ages before the dis- 
covery of voltaic electncity it had been observed that vaiious metals, 
by being simply immersed m metaUic solutions, became coated with 
the metal previously dissolved in the hquid 

Thousands of years ago Zosimus mentioned the deposition of 
bright metaUic copper upon iron immersed in a solution of a copper 
salt In the year 1752 Sulzer remarked “If you join two pieces of 
lead and silver, so that they will be in the same plane, and then lay 
them ,upon the tongue, you will notice a certam taste resembhng 
that of green vitriol, while each piece apart produces no such sensa- 
tien ” Becana demonstrated in 1772 that metaUic zme could be 
obtained from its oxide bw means of a powerful electric spark, as 
from a battery of Leyden jars Paetz and Van Troostvik m 1790 
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decomposed water by passing electnc sparks through it by means 
of very fine gold wires 

Up to. the dose of the eighteenth century, ^howevei^ a possible 
afifihation of electricity with chemistry was not thought of, the second 
celebrated expeninent of Galvam upon the n(»rves and limbs of 
recently killed frogs, in 1786, marking the dawn of what "is now" 
known as dynamic electncity As earl^^ as 1780 it was obseived 
by Galvam that the limbs of dead frogs contracted violently whelT" 
hung upon a coppei hook in the neighborhood of a frictional elec- 
trical machine, at each disruptive discharge of the then known and 
so-called static electricity Six years later Galvam Obtained the 
same results with the limbs and nerves of frogs without the agency of 
an electiical machine, simply by bringing a copper wiie joinf.d to a 
nerve and one of the hmbs in contact \nth a piece of iron The'’ 
analogy of these results, although six yeais sepaiated, caused Galvam 
to lefei the phenomenon to a common agency, namely, electricity. 
Galvam describes his discovery of what he called “animal elestncity” 
in his famous “De Vinbus Electncitatis ” of 1791 m the following 
words “It IS principally found m the nerves and muscles, -and its 
path seems to be from the muscles to the nerves, or rather from the 
nerves to the muscles by the shortest route, as in the Leyden jar. 
There is in every part a double electricity, positive and negative, and 
disj unctive One exists mtemaUy in the muscles, the other externally , 

so that the muscular fiber acts hke a httle Leyden jar, and the nerves 
simply serve the office of conductors ” In the year 1792 Alexander 
Volta discarded the theory given by Galvam, and from the fact that 
convulsions took place more energetically when there were dissimilar 
metals in the connecting circuit, instead of only one variety, attributed 
the electricity to their being unhke, and laid the basis for the 
contact theory of electncity In 1792 Prof Fabrom, of Florence, 
first suggested chemical action The following words are from 
Prof Fabroni’s report to the Scientific Academy of Florence, con- 
cemmg expenments which he had made with metals which he had 
immersed in water He said that he was convinced that “ a chemical 
action had taken place, and that it was unnecessary to seek else- 
where the nature of the new stimulus, that it wac mamfestly owing 
to the slow combustion and oxidation of the metal, winch combustion 
must have been accompamed by an attracbon of oxygen and by a 
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disengagement of light and calonc ” In 1793 Alexander Volta of 
Pavia ad\anced his contact theory of electricity in the Philosophical 
and Medical Journal of Leipsic, and later, in his famous memoir 
to the French National Institute, he gives an exposition of his 
“electromotive apparatus” It is made, he says, vn^Jing in 1801 
"^in tlie * above celebrated ^mmumcation to the National Institute, 
“m the form of a pile or of a range of cups, and consists in the 
simple metalhc pairs of plates, so arranged as to impel Uie electric 
fluid in one particular direcbon The zinc is laid upon the silver, 
the moist pasteboaid over the zinc, and so on consecutively ” He 
called the cfiHerent conducting substances the “motors,” and their 
arrangement a “circle,” “in which an electric stieam is occasioned, 
which -ceases only when the circle is broken, and which is renewed 
'when the circle is again rendered complete ” The powei of chemical 
decomposition of the voltaic “stream” or current was immediately 
noticed by numerous workers, Nicholson and Caihsle being the first to 
decompose water by means of such a current of electricity on May 2, 
1800, and soon afterward Dr Henry of Manchestei decomposed mttic 
and suiphunc acid, and also ammoma, by similar means With the 
discovciy of the voltaic current scientists became occupied with two 
great questions First, what is the true principle of the voltaic cell 
and the source of the electncity ? And second, what is the mechan- 
ism of electrolysis, or in other words, how does the electric current 
decompose chemical compounds? Let us take up the question of 
electro-decomposition first m the present chaptei, and discuss the 
oiigin of the electiic current when we are in a better position to 
appieciate the various factors 

In 1801 Dr WoUaston discovered that if a piece of silver in 
connection with a more positive metal be put into a solution of cop- 
per, the silver becomes coated with copper, which coating wiU stand 
the operation of burmshing During the same year Gerboin first 
noticed the movement produced in mercury during the act of electroly- 
sis 

In 1803 Hissinger and Berzehus discovered that by means of a 
voltaic current the elements of water and of neutral salts were trans- 
formed to the resjiective polar wires immersed m the hquyi, and 
Cruickshank, about the same time, observed the electro-deposition 
of lead, copper, and silver upon one of the polar wires (the one con- 
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nected with the zinc end of the battery) immersed m solutions of 
salts of those metals, and was thus led to suggest the analysis of 
minerals.by means of the voltaic current • • 

In 1805 BrugnateUi observed the electro-d^osition of gold upon 
silver when .the former was made the negative pole in a solution of * 
“ammomuret of gold”, he also discc^red the electro-deposition 
of zinc ^ ^ 

The most brilliant and striking proof, however, of the great 
breaking-down power of the electric current when apphed to chemical 
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substances was discovered on October 6, 1807, by Sir Humphry 
Davy in. the electrol)rtic decomposition of potash and soda, and the 
hberation of their respective metals, by a current from a voltaic 
battery of 274 cells 

Let us study this classic experiment, and begin our practical 
laboratory work by reproducing it, and, under the sfimulus*of the 
famous experiment, undertake to explain the mechanism of electrojy- 
sis, or»in ether words, to learn if possiblg what takes place when an 
electnc current is made to pass through the substances Davy used 
First let us look into the actual arrangement of the details of the 
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expenment For this purpose we will turn to our illustration In 
our electrochemical studies a fair knowledge of chemistry is pre- 
supposed, although the author wiU deal with the subject 'tlirough- 
out as simply and ’as Clearly as possible A small cavity was made in 
piece ^f caustic soda, or sodium hydroxide (NaOH)’, which was 
then moistened with water This was placed upon a piece of sheet 
pUtinum connected with the positive wire of ‘a voltaic battery 
Mercury was poured into the cavity and connected with the negapvc 
wire of the battery, thus closing the circuit through the system 



ItG 2 — S, Block of Moistened C%usUc Soda or Potash M, mercury in cavity of 
caustic soda or potash, P, platinum wire dipping into mercury, P', platinum 
sheet for positive-wire connections 

Electrolysis began immediately, the metal sodium, from the sodium 
hydroxide, being hberated from the hydroxyl and propelled to the 
mercury, with which it amalgamated After about an hour, having 
kept the caustic soda moistened by the addition of water from time 
to time, the mobile mercury became quite stiff, due to the presence 
of the sodium amalgamated with it This expenment can be most 
easily reproduced, and the sodium be freed from the mercury by 
distillation of the mercury, leaving the sodium behind, or the amalgam 
may be put into water, when the sodium will react with the water 
(2Na-t-2H20 = 2Na0H-l-H2), settmg hydrogen free, which may be 
ighited, and forming a soluPon of sodium hydroxide, which may be 
obtained m the sohd foftai Ify evaporating to dryness on a watcS-glass 
In distilhng the mercury frpm the sodium, the reader is referred to 
any general work on chemistry, where the prgper precautions are 
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given for this operation This is a beautiful expenment, and it is 
strongly urged that every student in electiochgmistry repeat it for 
himself In the place of the histone battery of 274.cells, six or eight 
modem cells of battery will suffice, although the,direct cunent from 
a hghhng system, properly modified by lamps, is to be desired* 
The use of hghting circuits and lamps f^ electrochemical processes 
wiU be fully dealt with later Let us now look into the theory Of 
the breaking up of the sodium hydroxide by the electric cunent 
Davy might have used a strong solution of sodium hydroxide in 
water placed in a dish, with a layer of mercury at the bbttom to act 
as the negative electrode, and to receive the sodium, and the pnnciple 
would have been just the same Let us represent graphically^- such 
a solution, and illustrate by diagram the various steps m the electroly- • 
sis As an exposition of all the ancient theories would lead to con- 
fusion in our practical woik, the latest -views only upon this subject 
are given, and we will base oui woik upon the famous theory of 
" electrolytic dissociation” This theory explains in a most satis- 
factory manner many chemical and electrochemical phenomena, 
which without its aid would be hopeless This celebrated doctrine 
was advanced by Svante Arrhemus in 1887, and although there are 
many chemists, physicists, and physical chemists who do not accept 
it, they have not advanced anything better to account for the numerous 
things It explains There is the most excellent experimental evi- 
dence in support of this doctrine, which will be taken up in detail 
later on For the present we will assume it to be true, for besides 
being a theory of exceptional beauty, it will be of great assistance 
to us in all our work in electrochemistry The theory simply states 
that the molecules of certain chemical substances, when dissolved m 
water, break up into ultimate parts, and that these ultimate parts 
carry upon them small charges of electricity Let us look at the 
matter from a diagrammatic point of view The accompanying 
illustration (Fig 3) shows a series of*vessels in which we will electro- 
lyze a solution of potassium hydroxide A represents two molecules 
of potassium hydroxide about to be plunged into the vessel of water. 
Here the familiar molecular chemical formula of* the base is givefi 
B shows what is supposed to take place according to the theory of 
electrolytic dissociation The potassium atom breaks away from the 
Lydroxyl group, and takes upon itself a charge of positij/-e electricity, 
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and the hydroxyl group takes upon itself a charge of negative electric- 


ity All this IS believed to happen 
simply upon dissolving m the water, with 
no electrical influence whatever being 
f broughJ; to beai Here we have, accord- 
ing to our theory, free *potassium de- 
tached, and isolated from the hydroxyl 
radical, floating around independently 
in the water, but covered with a charge 
of electrici^ At fiist sight of such a 
diagram the majority of chemical readers 
would say that they did not believe a 
word of it, for in the first place we could 
not have free potassium floating about 
m water without a violent reaction taking 
place between it and the water, and m 
the second place, where did the charge 
of ele-^tricity come from? Let us not 
attempt to answer these questions for 
the present, but accept the truth of the 
theorj for the time being, and take up 
the next step in the electrolysis In C 
we have introduced mto the vessel two 
electrodes, one positive and the other 
negative, as they are connected to the 
positive and negative ends of a voltaic 
battery respectively We know from our 
elementary physics and electricity that 
charges of hke signs repel, and those of 
unlike signs attract In this case, if the 
ultimate parts of the molecule of po- 
tassium hydroxide carry positive and 
negative electrical charges respectively, 
there should be an attraction between 
’he negative charge of one electrode 
and the positive chaise Of the potassium 
on the one hand, and an attraction 



between the positive charge of the other electrode and the negative 
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charge on the hydroxyl group on the otlier hand If all this is true, 
there^ will be a movement of the potassium toward J:he negative 
electrode'^ and a movement m the other direction of the hydroxyl 
group toward the positive electrode, as indicate!^ by the small arrows 
in the diagnfm These ultimate parts of molecules are caUed “lons,’^ 
whether they consist of a single atom, /Ike oui potassium with its 
electrical charge, cfr whether they consist of a gioup of atoms, like 
our hydroxyl, with its electrical charge Let us then adopt the 
technical term, and speak of the potassium hydroxide molecule as' 
breaking down, in the presence of water, into a positwe potassium 
lon and a negative hydroxyl ion The next diagiara, D, shows the 
potassium ions aiiived at the negative electrode and, the hydroxyl 
ions arrived at the positive electrode We may think of the electrical- 
charges upon these ultimate parts of the molecule as havmg a pro- 
tective action, that is to say, rendering them inert so far as the water 
is concerned We know that we could not put ordinary metallic 
potassium into water without a violent reaction taking place, with 
the liberation of hydrogen and the formation of potassium hydroxide 
Now let us account for the passive state of the ion potassium m the 
water to be due to the protective action of the electrical charge 
What happens when this ion reaches the electrode ? We have plenty 
of negative electricity there with which to neutralize the positive 
electricity upon the potassium, and ncutrahzation quickly t akes 
place The diagram E shows the next step, there the electrical 
charges have been neutralized and removed, and instead of ions we 
now have ordinary chemical atoms and groups of atoms In the 
lowei left-hand corner of this last diagram two molecules of water 
have been graphically inserted, for as soon as the potassium ions 
become atoms, we know as general chemists that there will be a 
reaction to form potassium hydroxide, with the liberation of hydrogen 
The water was not represented in the previous diagrams simply 
because it played the part of solijent only, and did not combine 
chemically with our ions The arrows here indicate the setting 
free of two atoms of hydrogen at the negative electrode, and the forma- 
tion of a molecule of water at the positive electrode, and the settidg 
free of 'one atom of oxygen Now, whafareTthe facts m an actual 
experiment? If we electrolyze a solution of potassium or sodium 
hydroxide m water, we will have two volumes of hydrogen set free 
at the negative electrode, and one volume of oxygen at the positive 
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electrode If our negative* electrode consists of mercuiy, as in 
Davy’s experiment, the sodium or potassium will amalgamate with 
the mercuiy, which prevents it from acting upon the water ”so long 
as the current of electricity contmues to pass In the experiment 
with the block of caustic soda or potash there would he Only sodium 
or potassium set free m the B^rcury, and oxygen at the moist surface 
*of contact of the caustic block and the platinum«sheet base 

To electrolyze such a solution experimentally, set up an apparatus 
hke that shown in the^next illustration Two large test-tubes may be 
used, and it vjill be observed that just twice the volume of hydrogen 



Fig 4 — Eiiperimental Electrolysis of Sodium or Potassium Hydroxide Soluaon O, 
oxygen collected in positive tube, H, hydrogen collected in negative tube, CC, 
carbons of battery, ZZ, zmcs of battery Arrows indicate the direction of current 

will be set free, in other words, two volumes of hydrogen to one 
volume of oxygen wiU be liberated Where the wires dip under the 
caustic solution it will be necessary to insulate them with a solution 
of rubber, or else several coats of gum shellac, to prevent the libera- 
tion of gases from the wires themselves With the ends properly 
insulated, the setting free of the oxygen and hydrogen will be confined 
to the platinum plates within the tubes Now, these platinum plates 
01 electiodes have technical names, and we must become faimliar with 
them The positive electrode is called the “ anode,” and the negative 
electrode is called the “cathode,” The current in an electrolytic 
bath ajways flows from the anode to the cathode, all electropositive 
ions going to the cathode, and all electronegative 10ns going to the 
anode As a generg,! rule, all the metals and hydrogen go to the cath- 
ode m an electrolytic cell, and all other chemical elements go To the 
anode The following table shows the chemical elements arranged 
in their electrochemical order, some of the extremely rare ones not 
being includecj In this table each chemica' element is positive to any 
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element placed above it, and negative to any one given below it 
These distinctions, although of a lelative character, are very impor- 
tant, since It seems probable that the very nature of cliemical attrac- 
ticp itself rests upon these electrochemical Telations 

Anode or Positive Electrode 


Negative 

Atoms 


Chlorine 


^itive 



Cathode or Negative Electrode 

The above column of elements is arranged seriatim as if placed 
in an electrolytic cell 
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This table very forcibly illustrates the preponderance of positive 
elements ove^ negative elements, and also the fact that we only 
liave about seven simple negative ions By a simple ion, h single 

' charged atom hke o«r K is meant, a complex ion being one ‘hke 
OH, whi(^ IS negative Hei^e we have a negative atom and a positive 
«,tom, composing a negative ion In this negatively charged hydroxyl 
group, or hydroxyl ion, we can think of the hydrogen stnving to go 
to the cathode, and the oxygen stnving to go to the anode, and the 
oxygen having the greatest puU and winmng, since it is more strongly 
.electronegative than the hydrogen, is electropositive, as a glance at the 
^table will show By means of this table we should be able to pre- 
determine the polanty of a complex ion witli facility 
* For example, let us take the three acids, hydrochloric, sulphunc, 
and nitnc, and disolves them in water How do they lomze ? With 
the help of the above table and carefuUy conducted experiment it is 
+ •" 

• an easy matter to determine The HCl gives H Cl, the H2SO4 gives 
+ + — + — 

Hs SO4,* and the HNO3 gives H NO3 Sulphunc acid has been 

+ — 

shown by the present writer to also ionize into the ions H HSO4 
Here we have a case where hydrogen goes to the positive electrode 
or anode, but it is drawn there by being hnked to two more power- 
fully electro-negative atoms There are a few cases where metals 
go to the anode in electrolysis, but only under such circumstances as 
the hydiogen No metal goes to the anode in an electrolytic cell, 
unless it is part of a powerful group of electro-negative atoms Now 
if we accept the theory of electrolytic dissociation, we are led to 
beheve in a number of things Perhaps the most important conse- 
quence of such a theory is the fact that we have actually moving 
masses of matter in a solution when an electric current is made to 
flow through it Such a solution of a chenucal substance, capable 
of conducting the electric current, is techmcally known as an elec- 
trolytCi In aU electrolytes, therefore, the passage of an electnc 
current through it is accompanied by the movement of ponderable 
particles of matter, m other words, the atoms themselves act as 
earners of electricity There wiU be an abundance of “expenlnental 
evidence” later to show this, but for the present we must accept 
the theory upon faith As we shall deal a great deal with anodes and 
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cathodes, and the direction of the electnc current, together with 
Its management and apphcation, the latter part of the present chapter 
Will be ^devoted to the more practical side of*the question - 

SIMPLE DIAGRAMS OF THE USE OF THE ELBCTRIC CURRENT FOR ' 
ELECTROLYSIS '' 

Direction of the Electnc Current — we must always know* 
the direction of the electric current in, aU our electrolytic investi- 
gations, It does not seem out of place to introduce at this time 
a purely electrolytic pole-finder, or current indicator This con- 
sists of a glass tube with the ends bent up as shomi in Fig 5,, 



Fig s —A and C, anode and cathode, respectively, in glass tube, M, globule of mer- 
cury which travels with the durrent, B, cell of battery supplying current, C and 
Z, copper and zinc electrodes of battery The arrows indicate the direction of 
flow of the electnc current, as Well as the movement of the mass of mercury 

Two loose-fitting stoppers carry the platinum-wire electrodes con- 
nected to a battery, or modified electnc-hght current, or small 
dynamo A globule of mercury is placed in the tube as indicated 
at M, and the tube filled to neaij, the level of the stoppers with 
a dilute solution of sulphuric acid in water Upon closing the 
circmt, the mercury wiU immediately travel to the negative pole or 
cathode On reversing the direction of the cuiyent, the globule- of 
mercifry wiU be propelled m the reverse direction, serving as a very 
pretty illustration of the behavior of positive 10ns, and answering 
aU the requirements^ of a pole-finder or mdicator of current direction, 
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if the current is sufficiently strong If the mass of mercury is large 
it -will reqmre a stronger current to move it, hut if quite small it 
Will be propeHed by about of an ampere For very feeble cur- 
rents, the direction of flow must be learned by means of a compass- 
’ needle Perhaps for ftU ordinary work there is no source qf electncal 
current so handy and satisf2,ctory as the modified clectnc-hghting 
current when of the direct type, and from no to 220 volts pressure 
The accompanying diagram. Fig 6, indicates the use of such a cur- 
rent in connection with an electrolytic cell and a lamp-bank, which 
may be placed in any ponvenient part of the laboratory or workroom 



Fig 6 — ^Diagram of Lamp-bank and Electrolytic Cell in Connection witb a no- ox 
a 220-volt Direct-current Electric-lighting Circmt 

This lamp-bank, which is the special design of the author, has proven 
so useful m many electrochemical processes that an enlarged diagram 
of it is given in Fig 7 When connected with the iio-volt circuit 
a 1 6-candle-power lamp inserted in any of the smgle sockets A allows 
about ampere to pass With all eight of the smgle sockets filled, 
it allows about 4 amperes to flow, and if tliese same sockets arc 
filled with 32 -candle-power lam^s, a current of about 8 amperes 
will be obtained Now, for a more feeble current, less than ^ ampere, 
two 1 6-candle-power lamps are placed in the sockets JSB, and a 
current flow of about wiU be obtamed With three of these 
lamps m the sockets CCP, a current of about will be allowed to 
pass, 220- volt lamps may be used here in senes, when the current 
will be less than ^fir ampere This is only m accordance with the 
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well-known law of Okm C==R—V, where C is the current, R the 
resistance, and V the voltage A 32-candle-power iio-volt lamp has 
a icsist^nce of about no ohms, a i6-candle»powei linnp about 220 
ohms, and a 2 20- volt lamp about 440 ohms . So it will be seen that 
with the three lands of lamps at hand a vAy flexible lamp-bank* 
results from the design given ^ 



8 amperes 

However, for certain work the high potential of the electnc- 
hghting circuit is not desired, and the lamp-bank, no matter how 
designed, will not meet requirements Again, should we requiie 
20 amperes of current for certain work, the lamp-bank would have 
to hold twenty 32-candle-power lamps, or forty i6-candle-power 
lamps, and would be very wasteful of energy when we consider 
that we are working under a difference of potential of at Igast no 
volts, no volts X 20 amperes would represent 2200 watts, which 
would be nearly 3 horse-power, 2200 watts divided by 746 (number 
of watts to the horse-power) equal 2 94 harse-power Whereas we 
would require the 20 amperes for our electrolysis, we could not only 
get along with 4 volts pressure, but would actually prefer it, so we 
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use a motor-generator, and consume sometlnng like 8o watts, mstead 
of the 2200 20 amperes X 4 volts =8o watts The photograph, 

Fig 8, shows g. simple ^form of motor-generator used by the author 



Flo 8 — ^Photograph of a Motor-generator used to Convert the no volt Lighting 
Current into a is-ampere Current at 4 Volts Pressure, which are the ideal con- 
ditions for many electrochemical processes for eiperimental purposes 



FlO 9 — ^piagram of Motor-generator and Electrolytic CeU m connection with Elec- 
trical Measuring-instruments for Observing Electncal Conditions within the 
Electrolyte Here the comparatively high-voltage electric-hghting current is 
Stepped down to the ideal voltage for electrolysis of chemical compounds 

for the past six or seven years, which* gives about 20 amperes at a 
pressure of only 4 volts, the dnvmg-motor takmg a tnfle more than 
the corresponding number of watts 
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The last illustration m our present chapter is a diagram of a similar 
motor-generator, but of the belted type, and represents electrical 
measu;;ing mstruments properly connected for obser^mg the watts 
used in the electrolyte for any kmd of electrolytic work Here M 
IS the dnving-motor, G the generator, V ancJ A the voltmeter and^ 
ammeter respectively, and J2i2 rheostats for controlhng^the speed 
of the motor on the one hand and the current supphed to the eleo 
trolytLC cell on the other The generator is of the shunt-wound 
type, and it is very necessary to have a good variable resistance 
m the outside circuit The ammeter shows the current taken 
and the voltmeter the drop of potential across the electrodes Such 
a small rotary converter can be ordered from almost any of the 
manufactuiers of small dynamos and motors Having outklCd the 
simple apparatus necessary for practical work on a small scale, We 
will close the present cliapter with defimtions of the techmeal terms 
introduced and continue the development of the subject in the 
next chapter 

Electrolysis — The breakmg up of chemical compounds by the 
electric current, and the settmg free at the electrodes of the con- 
stituents 

Electrode — ^The tcrmmal of the source of electricity winch dips 
mto the electrolyte 

Electrolyte — k chemical compound, capable of conductmg the 
electric current when m solution or m the fused state 

Anode — The positive electrode m an electrolyte The electrode 
from which the electnc current flows 

Cathode — ^The negative electrode m an electrolyte The elec- 
trode to which the electnc current flows 

Ion — k chemical atom or group of atoms possessed of an elec- 
trical charge 

Electrolytic conduchmty — The passage of the electnc current 
through an electrolj^e accompamed by the movement of ponderable 
material Ion transfer The caCrying of the electric current by 
movmg ions '' 

Electrolytic dissoaatwn — ^The breakmg up of certain cheimcal 
moleples when dissolved in water or other statable solvents, into 
ultimate parts charged with electricity 



CHAPTER II 


THE THEORY OF ELECTROLYTIC DISSOCIATION 

In the last chapter, that beautiful doctrine known generally as 
Ihe theory of electrolytic dissociation was touched upon, and the 
tea(fcs^as asked to accept upon faith the truth of its meaning for 
the time being It is the purpose of the present chapter to advance 
some of the best expenmental evidence in its support, and leave the 
student to formulate his own opinions Probably there is no generah- 
zation in the entiie domain of physical chemistiy quite so unique and 
'attractive as the theory advanced as recently as 1887 by Svante 
Anhcmus, now professor at the University of Stockholm Few 
thcoiies in either chemical or physical science have been the subject 
of greater dissertation, dispute, or attack than the dissociation 
tlieoiy, and few have served a more useful purpose in accounting 
for certain vital phenomena The theory of electiolytic dissociation 
has the most excellent expenmental evidence in its favoi, and accounts 
pcriectly for many heretofore unexplained facts, and those urging 
, objections to its truth have never been able to propose a better one, 
or even one half as good It will be the effort of the present wiiler 
to advance what he considers to be the best and most forcible evi- 
dence for this doctrine, and adopt it throughout 111 the practical 
electrochemical studies which arc to foUow Until sometlung better 
is brought forward, we will not take our time in making attacks 
upon the doctrine The arguments against the theory will not be 
introduced for fear of confusing the student We know from pievious 
experience that we have, broadly spealung, two kinds of conductors 
of the electnc current — the metals and alloys on the one hand, and 
solutions of certain eheimcal substances on the other In the case 
of the metals and alloys Ihey are called conductors of the first class, 
and in the case of chemical substances in solution or in a state of 
fusion they are called conductors of the second class The passage 
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of an electnc current through a conductor of the second clasS is 
beheved to be accompamed by the actual movement of ponderable 
matenai, or a mechamcal transfer of mattdr GooS evidence in 
support of this will be introduced a httle later ’ 

We may now take all known chemical compounds and dmde thepi 
into two gieat groups as follows ist Tlhose compounds which when 
dissolved in water or other suitable solvent conduct the electric 
current, 2d Those compounds which when dissolved do not conduct 
the electric current For this purpose we may draw a dividing hne 
separating these two great classes, and term those which conduct 
when in solution, electrolytes, and all those which do not conduct 
the electnc current when in solution, non-electrolytes In the^pBow?. 
ing table a few chemical compounds of both kinds are given This 
table could, of course, be indefimtely extended, but a sufficient 
number of compounds are given to show the character and meaning 
of the division Upon examining the bodies m the left-hand column 
it will be observed that all the electrolytes are among, and constitute, r 


Chemicai, Substances 


Electrolytes 


Sodium chlonde 
Sodium nitrate 
Potassium sulphate 
Ammomum hydroxide 
Sodium hydroxide 
Potassium hydroxide 
Sulphunc acid 
Nitnc acid 
Hydrochlonc aad 
Acetic acid 
Oxalic acid 
Sliver mtrate 


Non-eleotrolytes 


NaCl 

NaNOa 

K,SO, 

NH.OH 

NaOH 

KOH 

H,SO, 

HNOj 

HCl 

CHaCOOH 

CiiHA 

AgNOe 


Cane-sugar 
Ethyl alcohol 
Methyl alcohol 
Benzene 
Chlorofonn 
Ether 

Acetic aldehyde 
Formic aldehyde 
Acetone 
Propyl alcohol 
Amyl alcohol 
Isopropyl alcohol 


CisHaOii 

CeHjOH 

CHaOH 


CHCla 


(CsHa)aOH 

CHaCHO 

HCHO 

CHaCOCH, 


CsHjOH 

CaH„OH 

C3H,0H 


the “cheimcally active” bodies, whereas the non-electrolytes con- 
stitute the “chemically inactive” bodies It will be observed that 
certain chemical substances are electrolytes only when dissolved 
m water or other suitable solvent, or when m the fused condition, 
accordmg to the definition of an electrolyte We may take any of 
the chemical compounds in the left-hand column, mcludmg even the 
acids, and when absolutely water-free they are non-conductors of 
the electnc current Water itself, when properly distilled and air- 
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free, is also a noii-electiolytc (except to an infinitesimal extent), and 
yet when certain chemical substances are dissolved in water they 
become most excellent ‘conductors of electricity See Fig lO for a 
simple experiment fc 5 r distinguishing electrolytes from non-electrolytes 
The lamp-jDank and electric-hghtmg circuits, or the moto» generator 
as described in the first chaptfi, may, of course, be used instead of 
the stoi age-battery as given here Here we may hawe the case where 
two bodies, when separated, each prove to be non-conductors, and 
when brought together, to conduct highly the electric current What 
is it due to ? To take a special case, a crystal of rock salt (sodium 
chloride) and carefully distilled water Neitlier of these substances 
wiU^nduct the electric current to any appreciable extent Dissolve 



Fio 10 — Simple Apparatus for Disbnguishing Electrolytes from Non-electrolytes 
A, glass beaker contaimng distilled water with platinum electrodes into which the 
compound to be tested is dropped, C, milh-amperemeter, 33 , cells of storage- 
battery There is always a shght indication of conductivity upon a sensi ive 
milh-amperemeter when only the glass beaker and distilled water are present, 
due to the dissolving of a minute trace of glass together with impurities in the 
dish lied water The amount of deflection can be noted and apphed as a cor- 
rection 

the salt m the water and the solution has a high conductivity Some- 
thmg must have taken place withm the water, and yet we know we 
have made only a simple solution of salt m water, which when 
evaporated to dryness, gives back our salt unaltered, and if we catch 
and condense the water driven off, we have ordinary distilled water 
again What is the condition of the salt m the water, then, to so greatly 
change its physical behavior toward the electric current? In terms 
of the theory of electrolytic dissociation, as was pointed out m the 
previous chapter, the chemical molecule is broken up into “10ns” 
or ultimate parts, a^d these ultimate parts bear electrical charges 
upon them The molecular formula of sodium chloride is represented 
simply thus, NaCl, so famihar to all general chemists Now upon 
immersion in water the molecule is beheved to be broken up as 
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follows into two “ions,” Na and Cl, the bond or attraction between 
the two former atoms being broken, and the sodiur^i ion with its 
electrical charge is existing independently of the chlorine ion with 
its clectncdl charge of unlike polarity or sign The mere act of, 
passing into solution is believed, m terms of our theory, to separate 
the atoms of ceitain molecules, the afoms becoming ions at onc^, 
by taking upon tliemselvcs electrical charges of opposite signs, the 
one becoming a positive ion, the other a negative ion In the previous 
chapter it was pointed out, by means of a diagram, that the positive 
ion traveled to the negative electrode, and that the negative ion 
tiaveled toward the positive electrode It is the purpose of this 
chapter to show that we have excellent reasons for behevii^SMlTtliG 
.existence of these electncally charged particles when certain chemical 
substances are dissolved in water We will take up the study of 
the evidence fiist by comparing the deportment of substances in 
aqueous solution witli substances in the state of a gas, and foi this 
purpose we will first set down the three gas laws so well known to all'' 
students of modem chemistry and physics 

Laiv of Boyle The pressure exerted by a gas, the temperature 
icmaming the same, is proportional to the concentration of the gas 
The concentiation of the gas is directly proportional to the number 
of molecules oi ultimate parts of molecules present 

Law of Gay-Lussac The pressure of a gas increases a constant 
amount for every increase of i° in temperature, and the increase in 
pressure is equal to ^ of the original pressure of the gas at o° C 
Law of Avogadro Equal volumes of all substances in the 
gaseous state, under the same conditions of temperature and pressure, 
contain the same number of molecules or ultimate pai ts of molecules 
Consequently the molecules of all substances, oi the ultimate 
parts of all molecules when in the gaseous state, under the same 
conditions of temperature and pressure, occupy the same space 

Haring the three fundamental gas laws before us, we will take 
them up separately in the order given, and Icain what bearing they 
have upon the behavior of substances in solution What possible 
application can tliese gas laws have to chemical* compounds dissolved 
in watei ? There appears to the general student to be no connection 
wliaterei, and yet there is the most vital application of the gas laws 
in support of the theory of electrolytic dissociation Let us fiiU 
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take up Boyle’s law, which has to do with tlie pressuie exerted by 
substances in the state of a gas This tells us facts based upon 
expennientallf determining the pressures exerted by gases o£ diffei- 
ent concent! ations • The pressures of gases confined in given volumes 

* at constant teniperathie can be readily measured by manometers 
or pressur'e-gauges, as set fojth m detail in any good text-book on 
physics This we know, but* can we measuie the j)rcssures exerted 
by substances m solution ? We can convert a given mass of a given 
substance into a gas by heating, and measure the pressure at diifcr- 
ent concentrations, or volumes, by means of suitable manometers. 
Ji we dissolve the same quantity of the compound in water, will the 
molecules exert a pressure in the dissolved condition, and can we 
measuf&'it ? Both these questions can be answered in the affirmative, 
and it is the purpose here to show that such piessuies exist, and to 
describe how they may be measured All substances when dissolved 
in water exert a pressure, and this pressure has been termed “osmotic 

, pressure ” 

06M0TIC PRESSURE AND METHOD OF MEASURING IT 
If a gas, oxygen oi hydrogen for example, be hbeiated m a given 
space, the gas will expand in all directions and completely fill the 
containing vessel If aU paits of this containing vessel are at the 
same temperature, the gas will expand and distiibute itself uni- 
formly thioughout the volume There will be icpellent forces 
between the molecules of the gas, driving them to the remotest lecesses 

• of the containing vessel, and consequently there will be a pressure 
against the walls of the same The moie conccntiated the gas, or, 
in othei wolds, the greater the number of molecules or ultimate 
parts of molecules present, the greater will be the pressure within the 
fixed or given volume What can be said about substances in solu- 
tion? The behavior is the same Let us take a laige -vessel of 
water, foi example a tall glass jar full, and introduce a little sugar in 
It The sugar will immediately fall to the bottom, a small portion 
dissolving and passing into solution on the way down "Wliat -will 
be the ultimate result on standing? The sugar at the bottom -will 
aU pass into solutio'n, r;se agamst gravity, and in time distjabu'e 
itself uniformly throughout the solvent The siigai in the dissolved 
state -will behave exactly as it would when 1 1 the state of a gas, and 
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Will exert a pressure when in solution which may be measured This 
IS due to the phenomenon of diffusion, which, not so many years ago, 
was wholly unaccounted for Here we have ^ heavy substance dis- 
solvmg at the bottom of a tall glass cylinder fiUfcd with water, and 
rising to the top against the attraction of gravity Tliere^is a pres- 
sure, and this pressure has only recently^been accounted for Another 
phenomenon whish until recently could not be explained was the" 
buistmg of an animal bladder, filled with a mixture of alcohol and 
water, when immeised in a vessel contaimng puie water The 
bladder under these conditions, if it has been closed up properly at 
the opemngs, will be burst by a gradually developed pressure within^ 
It IS easy to show m this way that we have a pressuie, and this pres-, 
sure has been termed osmotic pressure This is only a very crude 
method of showing qualitatively that we have a positive pressure, and 
it does not seem to have occurred to the earliest workeis that this pres- 
sure was a defimte thing and could be quantitatively measured 
This osmotic pressure is a very peculiar thing when one considers . 
the mannei in which the pressure is measured We cannot place a 
solution witlun a closed vessel and get an indication of piessure 
upon a gauge-glass oi manometer, as we very well know, but must 
resort to some land of a membrane, such as forms the animal bladder 
Strange to say, the pressure developed depends upon a differential, 
or selective action, so to speak, of the necessary membrane It must 
allow the solvent to pass thiough, but not the dissolved substance, a 
sort of filter, roughly speakmg, and because of this principle the 
membrane has been called “semipermeable ” Now if we can 
really produce a semipermeable membrane or diaphragm, we will 
be able to measure the pressure due to substances in solution Take, 
for example, a solution of cane-sugar If we have at hand a membi ane 
which will be permeable to water and impenneable to sugar, we 
can by its use ascertain the pressure due to the presence of the sugar 
molecules, and demonstrate how this pressure varies with concen- 
tration of the solution and with changes in temperature lye have 
at hand, in other words, means for comparing the behavior of gas 
molecules with the behavior of molecules in solution Let us pre- 
pare such a semipermeable membrane m the. laboratory and examine 
some of the compounds given in the preceding table conshtutmg 
electrolytes on the one hand and non-electrolytes on the other 
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The accompanying photograph illustrates some simple forms of 
porous pots, and Fig 12 gives a section through such a typical pot, 
as well as a completed ^lece of apparatus for expenmentally measurmg 
osmotic pressure *Mpntz Traube, and Pfeffer, the celebiated plant 
physiologist, were the first to discover and make use of the properties 
of senupermeable membrants It is to Pfeffer that we owe the 
first really Serviceable artificial semipermeable diaphragm or partition 



Fig II — Some Forms of Porous Pots with Semipermeable Membranes for the 
Measurement of “Osmotic Pressure ” The broken e\hibit shows the scrm- 
permeable membrane at M 

It was discovered by Pfeffer that plant and animal membranes could 
be discarded, and that certain chemical precipitates, when properly 
supported, met the requirements almost perfectly Copper ferro- 
cyanide was found to give the most satisfactory results when formed 
nght in the walls of a very fine-grained unglazed porous pot In 
order to produce such a precipitate withm the walls of the porous 
pot, It was filled with a solution of potassium ferrocyanide and im- 
mersed in a solution of copper sulphate The two solution’s met 
within’ the walls and there formed the semipermeable membrane 
with the resistant support of the porous pot When such a piepared 
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pot IS broken open, the membrane appears m the form of a fine hne, 
as indicated in Fig ii at M Theie are many necessary precautions 
to be taken m the preparation of successful semipefmeable mem- 
bianes, it being an art requiring not a little patience and skill 
The folloTAsng is taken from one of Pfeffer’s writings on th& subject 
“The poicelam cells weie first completely injected with water under 
the air-pump anci then placed for at least some hours in a solution*' 
contaimng at least 3 per cent of copper sulphate, and the interior 
was also filled with this solution The interior only of the porcelain 
cell was then rinsed out quickly with water, well dried as rapidly as 
possible by intioducmg strips of filter-paper, and after the outside 
had dued off, it was allowed to stand some time m tire air untjl i^, 
just felt moist Then a 3 per cent solution of potassium ferrocyanide 
was poured into the cell and this immediately reintroduced into the 
solution of copper sulphate After the cell had stood undistuibcd 
for from twenty-four to forty-eight hours, it was completely filled 
with the solution of potassium ferrocyamdc and closed A „ 
certain excess of pressuie of the contents of the cell now gradually 
manifested itself, since the solution of potassium feirocyamde had a 
greater osmotic pressure than the solution of copper sulphate After 
another twcnty-foui to forty-eight hours the appaiatus was again 
opened and genciaUy a solution introduced which contained 3 per 
cent of potassium fenocyanidc and per cent of potassiun mratc 
(by weight), and which showed an excess of osmotic piessure of 
somewhat more than three atmospheres ” 

In all this work as reproduced by the present writer is was found 
most essential to obtain a special close-grained grade of porous cup 
or pot A common porous pot, or one the least faulty, such as 
contaimng minute invisible fissures, will defeat the object of the entire 
experiment With faulty pots the writer has frequently had a com- 
pleted piece of apparatus assembled, indicatmg a height of only 2 01 
3 feet of the contained solution, when the semipermeable membrane 
gave way and oozed through the side of the porous pot It has been 
found that a dilute solution of cane-sugar m water would nse to a 
height of 66 feet Referring once more to Fig 12, we will note a use 
of abeut 2 feet, a one-half normal sugar solution being used in this 
case Strange as it may seem, the sugar solution is placed within 
the porous pot A and the pot is in turn imnieised in the beaker B, 
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containing distilled water The pressure is developed within the 
porous pot by a very curious action, forcing the hquid up mto the 



Fig 12 — A, porous pot, 5, glass beaker, C, tight-fitting stopper, D, height to 
which the contained solution has iisen, E, graduated scale, E, transierse sec- 
tiojj of porous pot, S, semipcrmcable membrane within the Wall of the pot, 
G, enlarged \ertical section through porous pot with semi permeable membrane 
showing at 5 

manometei-tube The, conditions aie as follows The sgniper 
meablc membrane allows water to pass through freely, but does 
not allow the sugar molecules to pass Within we have sugar 
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molecules and water molecules attemptmg to get out, and out- 
side we have all water molecules attemptmg to get m Now, 
we have, per unit area of the porous p6t and semipermeable 
membrane, a more effective bombardment fr6m the pure-water^ 
molecules .without than from the mixed molecules within We 
may think about the thmg also as follows Every watei molecule 
stnking the diaphragm from the outside gets m, but many of the 
water molecules before striking the diaphragm from the inside 
coUide with sugar molecules, which cannot get through, and thereby 
their effectiveness is lost As a result of such a differential action 
we may have a slow ingress of water molecules tending to dilute the 
sugar by dnving its molecules farther apart and thereby establishing 
a pressure Let us leave the theory of the apparatus now and loojr 
at the facts in some actual and carefully conducted expenments 


OSMOTIC PRESSURE OF NON-ELECTROLYTES AND ELECTROLYTES 

For the sake of simphcity we will recoid the result of an osmotic- ' 
pressure determination upon a non-electrolyte For tins purpose we 
will choose the first non-clcctrolyte appearing at the top of the column 
m the httle table already given This is ordinary cane-sugar, a 
solution of which in water does not conduct the electiic current 
The following table shows the result of one of Pfeffer’s carefully 
conducted determinations upon this substance 

Canc-sugab, CiJIsOu 

ConcentffttJpn in Osmotic Pressure m 

Per Cent hv Weight Millimeters of Mercury 

I 535 

6 307s 

Let us now examine the figures standing for osmotic pressures and 
mterpret their meamng 

Conce-atrotion Pressure, P^ 

C PC, 

I per cent 535 53S 

i “ “ 10l6 50S 

4 “ “ 2082 ^21 

. 6 “ “ 307s , 513 

In the above table the pressure in each case has been divided by the 
concentration with practically a constant resulting What httle 
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discrepancy exists is due to experimental error Here we have an 
analogy with the law of Boyle as apphcd to gases We know that the 
pressure of a ^s mcreases with its concentration in a direct proportion, 
and we sec from the above tabulated data that the osmotic pressure 
' of a solution increases directly with its concentration ,In experi- 
mental work of tins charac1;pr there are naturally sources of error 
Vhich must be expected For example, when we gtart with a i per 
cent sugar solution and begm to measure its osmotic pressure by 
such a piece of apparatus as described, the solution is weakened by 
the inflow of watei, and unless the manometer-tube is very small, the 
.volume of sugar solution using to make the indication will constitute 
^ high percentage of the entire volume m the porous cup Pfeffer 
also showed, at the instigation of Van’t Hoff, that the osmotic pres- 
sure of solutions increases slowly with rise m temperature, and that 
this pressuie is analogous to the increasmg pressure of a gas as set 
forth in the law of Gay-Lussac Here a solution of sugar was taken 
, again, but instead of varying its percentage strength the temperature 
of the solution was gradually increased For this purpose a one- 
tenth normal sugar solution was employed (a normal solution of cane- 
sugar IS made by dissolving a gram-molecular weight of this com- 
pound in a hter of water A one-tenth normal solution is made by 
dissolving the gram-molecular weight in lo hters of water), gradually 
increasing its temperature The accompanying table shows the 
data of an actual experiment 


Calculated 
rom Gas Law 
,£ Gay-Lussac 


50 S 

51 7 
SI 8 


While there are slight discrepancies due to experimental error, 
the striking application of Gay-Lussac’s law to substances in solu- 
tion IS' to be noted Although Pfeffer was the first to successfully 
measure osmotic pressures, it remained for Van’t Hoff to bring out 
the striking agreements with the gas laws already set forth Having 
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observed the strong tendency of solutions to behave like substances 
in the state of a gas, by experimenting with semipemieable mem- 
bianes this great Dutch scientist investigated othei possibilities for 
showing analogies, among them being what is •known in physical 
chemistry as the “Principle of Soret ” * ^ ' 

The Principle of*Soret » 

If a vertical glass tube is filled with a solution of a chemical 
compound, such as copper sulphate in water, for example, and the 
two ends of the tube are kept at difterent temperatures, the copper 
sulphate will eventually become more dilute where the tempeiaturii 
IS highest and more dense where the tempeiature is lowest Thi| 
distribution of the dissolved molecules by diffusion due to differences 
m temperature is loiown as the pimciple of Soiet The apparatus 
shown in Fig 13 is the design of the present writer foi bringing about 
such concentration changes The tubes filled with various solutions 
wcie allowed to stand for a long time with the top and bottom at 
different temperatures, when some of the solution was allowed to 
run out from the bottom and analyzed foi density, and some of the 
solution drawn out from the top by means of a pipette and also ana- 
lyzed for density The early cxpciimcnts showed smaller diffciences 
in concentration than would be called for if Gay-Lussac’s law applied 
to the temperature coefficient of the osmotic pressuic of solutions 
The tubes were then allowed to stand for longer periods of time, 
with the result that the figures obtained approached closer and closer 
to the value expected from the law pertaining to gases Diffusion 
of molecules takes place very slowly and the tubes had to stand for 
many weeks undisturbed before an equilibrium was finally established 
In one experiment where the tubes stood for about twelve weeks a 
copper-sulphate solution gave the following results 

Upper end of tube 80° C , lower end of tube 20° C The differ- 
ence in density between the respective ends of the tube upon analysis 
was found to be 14 03 pci cent The difference in density calculated 
from the law of Gay-Lussac is 14 3 per cent Another cxpeiiment 
gave 24 87 per cent change in concentration when according to 
Gay-Lussac’s law the figure should have bqen 24 8 pei cent 

Here the application of Gay-Lussac’s law to the behavior of 
compounds in solution is very striking With the apparatus as 
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iDustrated, the large mass of water in tlie wooden tub, together with 
a laboratory kept at practically constant tempeiature, the lower end 
of the tube is consequently very uniformly mamtaindti m tempera- 
ture The upper end of the tube is kept at an elevated temperature 
by means of the ring gas-burner and the sensitive an -bulb thermostat ' 
The expansion of the an contained ig. the air-bulb H forces the 
mercury at I up to the tube 7 which is slotted, and gradually cuts* 
off the supply of gas which enters as indicated by the small arrow. 
Should the temperature of the water F fall below the required tempera- 
ture, the air in the bulb H will contract and allow the mercury to fall 
away from the tube /, thus uncovering the slot and allowing more, 
gas to flow to the burner Two very sensitive thermometers gjve, 
the readmgs foi the top and bottom of the tube respectively The 
apparatus is so designed that the top portion may be lifted off, when 
the tube contaming the solution experimented upon may be readily 
removed It remains now to compare the behavior of substances in 
solution with the third and last gas law, namely, that of Avogadro 
This was also done by the chemist Van’t Hoff He worked again 
with a solution of cane-sugar, and compared the osmotic pressure of 
such a solution with a volume of hydrogen gas of equal concentration 
For this purpose he made a cane-sugar solution having the same 
number of sugar molecules in a given volume of solution as there are 
hydrogen molecules in the same volume of the gas The experiment 
fully justified the statement that the sugar solution gave an osmotic 
pressure equal to the gas pressure We may then say that equal 
volumes oj all chem^cal compounds m solution giving the same osmotic 
pressure at the same temperature contain the same number oj molecules 
or ultimate parts of molecules Now this is only true for di ute solu- 
tions Very concentrated solutions of chemical substances do not 
obey the law, and when we look about we are struck by the fact that 
very densely compressed gases do not obey the law of Boyle This 
makes our comparisons aU the more strikmg, for where we have 
exceptions in the case of gases, we also have exceptions in the case of 
solutions It has now been shown that the three fundamental gas 
laws apply to compounds in a state of solution, but what has this, 
although striking and of vital interest to the; physical chemist, to do 
with the theory of electrolytic dissociation? To answer this let us 
turn once more to the first table of this chapter where we have 
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electrolytes on the one hand and non-electrolytes on the other It was 
pointed out that aU those bodies have been classified accoiding to their 
ability to conduct the electric current All those on the left conduct 
when in solution, and all those on the right do not All those on the 
•left are c^ed electrolytes, and in teims of the theory of electrolytic 
dissociation, their inolec les break up into ions, each ion of course 
feeing an ultimate part of a molecule Now as a matter of fact, only 
the non-electrolytes, when dissolved in water, obey the gas laws 
It IS only the non-electrolytes which give an osmotic pressure com- 
parable with substances in the state of a gas, the electrolytes all giving 
an abnormally high osmotic pressure This is just what we would 
expect if one molecule breaks up into two ultimate parts and each 
ultimate part occupies the same space as the original molecule 
CTur sugar molecule does not conduct the electric current when in 
solution. It does not break up into ions, and gives as evidence a normal 
osmotic pressure Our sodium chloride, or common salt, does con- 
duct the electric current when dissolved, and it gives an abnormally 
high osmotic piessure Of course in comparmg the osmotic pressure 
of sugar with sodium chloride, two solutions are made m which the 
same number of molecules are dissolved in each case In order to 
accomphsh this the gram-molecular weight of each compound is 
taken By gram-molecular weight of a compound we mean the 
molecular weight of the substance expressed m grams For 
example, the gram-molecular weight of sodium chloride is 58 5 
grams, 58 5 being the molecular weight of sodimn chloride So 
•much for the theory of electrolytic dissociation and the gas laws and 
the evidence that the measurement of osmotic pressure gives us m 
favor of lomzation We will take up additional evidence m support 
of the theory of electrolytic dissociation in our next chapter. 
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THE THEORY ^OF ELECTROLYTIC DISSOCIATION {Continued) 

It is well known that pure water freezes constantly at o° C , and 
that this fact has been made the basis for the several thermometnc 
scales for scientific purposes throughout the world It has alsfl 
been well Imown from very early times that the addition of salts or 
other soluble material to water causes if to freeze at a lower tempera- 
ture Every schoolboy knows that common sea-watei will not 
freeze except at very low temperatuies, but few of us who have not 
paid attention to physical chemistiy have given the fact more than 
a passing thought We know that substances m solution cause* 
pure water to freeze at a lower temperature than pure water 
alone, in other words, that the freezing-point is lowered by the 
presence of dissolved substances This is purely qualitative knowl- 
edge, so to speak, and there lemains for us to investigate this matter 
quantitatu ely, to sec how much solutions of the same concentiation 
lowei the freezing-point, and if all compounds lower it equally 
Raoult, the celebiated French chemist, took up this matter for experi- 
mental investigation, and, to make a long story short, found that all 
non-electrolytes of equal concentration lowered the freezing-point of 
pure watei to the same extent Raoult worked with solutions con- 
taining one gram-molecule of the dissolved substance pei liter and 
found that the loweiing of the freezing-point was the same, being 
I 85° C One giam-molecule of a substance per htei is a noimal 
solution, and we may say therefore that all normal solutions of non- 
electiolytes lower the freezing-point of water i 86° C This is com- 
parable to saying that the lowering of the freezing-point of pure 
watei IS dependent upon the numbei of molecules or ultimate parts 
of molecules present This is of course, an interesting fact, but 
wharhas it to do with the theory of electrolytic dissociation? This 
question can be very quickly answered by determining the lowering 
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of the freezing-point by normal solutions of electrolytes What 
would we expect if the theory of electrolytic dissociation be true? 
Will a giam-molecule ^f an electrolyte dissolved in a htei of 
watei give us the sarrue depiession of the freezing-point, namely, 

? 86 C ? "i^his was done by Raoult, and it was found that m every 
case of an electrolyte the depression of the freezing-point was greater 
than I 86° C It will be remembeied that all eledtrolvtes exerted 
a greater osmotic pressure than non-electrol3d;es, and now we see that 
all electrolytes lower the fieezing-point to a greater extent than non- 
elcctrolytes We can only account foi these striking phenomena by 
attributing the abnormal behavior of electrolytes to the breaking up 
of, the molecules, upon dissolving, into ions The practical student, 
upon reading the work done by Raoult and noting his constant of 
I 86° C , will want to know how much gi eater the depression of the 
freezing-point was found to be in the case of clectroh tes, and what 
kind of a theimometei was employed when dealing wnth such small 
differences in tempcratuie The average electiolvte, when dissolved 
in water, depresses the freezing-point about twice as much as any 
non-electrnlytc As for the thermometer, it is fai from the ordinary 
pattern, and is used in a special piece of apparatus The best and 
most universally used apparatus is that of Beckmann, and is lUustiated 
in one of its fonns in Fig 14 The thermometei in this paiticdar 
case IS simply one of great sensitiveness and refinement, reading 
direct to hundredths of a degree Because of an exceptional!} large 
bulb, the degree divisions are very long, allowing of vety fine sub- 
division With such a thennometer one-tenth of 1° C is a large 
amount The accompanying illustration should make the scheme of 
the apparatus clear, and it wiU be seen that it is a simple one to get 
up in the laboratory foi actual work, the thermometer being the only 
costly element For exceedingly accuiate research work thermom- 
eters may be had reading to thousandths of a degree Theie are 
also metallic thermometers with which temperatures arc measured by 
the change in electrical resistance of a little coil of platinum wiie, 
and the delicacy is almost without limit For all piactical purposes, 
however, a meicuiy tl-jprmometer reading to hundredths meets every 
requirement The practical carrying out of an experiment with 
such a Beckmann apparatus as shown in Fig 14 is as follow^s 
An accurately weighed quantity of pure distilled water is introduced 
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in the tube A, which in turn is placed m the tube B and packed 
around with a mixture of ice and salt The large tube B provides 
an air-space around the tube A, and causes*a more uniform freezing 



Fig 14 Fig 15 


Fig 14 — Form of Beckmann’s Apparatus for the Study of Electrolytes and Non-elec- 
trolytes by Depression of Freezing-points A. large glass test-tube with side neck, 
B, larger glass tube with cork to receive test-tube, C, large glass jar to receive 
both tubes and freezing-mixture, D, stirrer, EE, Wrre stirrers within test-tube, 
G, side neck into which the substance to be tested is placed, F, dehcate ‘ open- 
scale ’ ’ thermometer 

Fig 15 — Apparatus for Expenmentally Detenmmng the Flevahon of Boihng-points 
of Electrolytes and Non-electrolytes 4, flask with double side necks, B, asbes- 
tos ring supporting flask on tripod, C, little cyhnder of platinum within flask 
to prevent cooled condensed water from striking the thermometer-bulb, D, Bun- 
sen burner, E, condenser with water-jacket, F, Beckmann thermometer with 
mercury-reservoir at top, G, enlarged view of mercury reservoir 

of Ihe water in the inner tube The air behveen the two tubes becomes 
chilled below the freezing-pomt of pure water and freezes the water 
m the inner tube The stirrer E is moved up and down in the dis- 
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tilled Wetter, and the thermometer is carefully watched The mer- 
cury will fall steadily until the sudden formation of flakes of ice 
throughout the* water oCcur, when it will quickly rise a httle and 
remain stationary, aildjthis reading should at once be taken With 
correct ii^ermometer, the indication should of couise .be o° C. 
If the reading is not exactly o° it matters not, so long as we arc 
merely measunng the differences between the freezing-point of pure 
water and water contaimng compounds m solution At least three 
readings should be made with the same water, allowing the ice to 
melt and then freezing over again, and takmg the average of the 
three temperatures for the freezing-point of the pure solvent The 
sijdden nse of the thermometer is due to a small supercoohng of the 
water (in spite of the fact of its bemg stirred), below its freezing-point, 
and then its wanning up again at the instant of the formation of ice 
It is well luiown to those who have studied physics that water throws 
off heat when it freezes, the phenomenon being attnbuted to latent 
heat Having determined carefully the experimental freezing-point of 
the water, a carefully weighed quantity of the substances to be tested is 
introduced through the side tube D and allowed to dissolve The freez- 
ing process is then repeated three times, as with pure water, and the 
average of the three readings is taken If the water and compound 
have been so weighed as to give a normal solution, and the com- 
pound IS a non-electrolyte, we wiU obtain the figure i 86°, workmg, 
of course, with a centigrade thermometer The important point tO' 
observe in makmg all these freezmg-point dctennmations is to read 
the thermometer at once after the sudden rise of the thermome- 
ter, at the time of the formation of the ice If we wait, and keep on 
with the freezing process, the thermometer will fall again, due to the 
fact that the solution has become concentrated by the freezing out 
of some of the water This, of course, concentrates the solution 
and gives it a new and lower freezing-point Electrolytes are treated 
in the same manner as non-electrolytes There is another method 
which we should not pass over without notice, and that is the testing 
of electrolytes and non-electrolytes by the elevation of the boihng- 
point It IS well knoTO that pure water boils at a constant tempera- 
ture under a constant atmospheric pressure, and that the heights 
of mountains have been measured by the decrease in boihiig-pomt 
of water with a dehcate thermometer It is also very well known 
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that the presence of dissolved substances inci eases the boiling-point 
of pure watei Raoult also investigated this phenomenon expen- 
mentallv, and found that noimal solutions of non-electiolytes increased 
the temperature of the boihng-point to the* same extent He also 
showed diat all electrol)Tes of comparable concentiatK^n eleiatcd 
the boihng-point to a much greater extent Fig 15 illustiates a piefc 
of apparatus fof cxpeiimentally detennimng the elevation of boihng- 
pomts with great accuracy This special t}’pe of theimometer has an 
arbitrary scale, that is, it is not designed to indicate absolute tempera- 
tures, but only ditfciences between tempeiatuies The little leser- 
voii at the top contains a supply of mercuiT, which may be shakGn 
down to join on to the column within the boie, thus allowing the instru- 
ment to be used with liquids of lower boiling-points Theie are only 
about eight degree divisions upon the entiie scale of such a dehcate 
institimcnl, and wcic it not foi tlic flexible chaiactei due to the 
merciiry-rcseivoii, the use of such a theimometei would be exceed- 
ingly hmited With a set of two such instruments, one designed for 
low tcmpeiatures and the othei for high tempeiatuies, in yicw of the 
httle reseryoiis, we aie equipped for expeiimcntal woik throughout 
a very wide range With either theimometei w^e may take fiom the 
rcscivoii, or letuin to the leseivoir, by shaking the instrument, 
thcieby malung it serviceable for use at almost any temperature 
In conducting exiiciiments with this apparatus, a few fragments of 
broken glass aie introduced in the flask to pieient ‘'bumping” 
when the solution boils We see, therefore, fiom these two expen 
mental mycstigations of Raoult, that we ha\e the most excellent 
evidence in favor of the theory of electrolytic dissociation 

ADDITIONAL EVIDENCE THE NEUTRALIZATION OP ACIDS AND BASES 

One of the commonest and most fannhar chemical leactions is 
the neutiahzation of an acid by a base with the formation of a salt 
and water The following is a simple example, wheie hydrochloric 
acid and sodium hydroxide are brought together in solution 
HCl -l-NaOH = Nad -f HgO 

Here we have sodium chloride (comman salt) and water foimed 
in the reaction So much foi the general chenustiy of the leaction 
We also have a physical side to the reaction, and this concerns the 
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heat produced when the leacUon takes place The general chemist 
has to do with the products formed, and the physical chemist has 
to do with the eneigy tiansfoimations and then measuiement. 
Now in the above reaction heat is liberated, and it remains for us 



Fig 1 6 — Calonmeter for Medsunng the Heat Liberated when Solutions of Electro- 
lytes are Mixed together and Allowed to React 4, brass calonmeter casing con- 
taimng mass of water, B There is also an inner calorimeter-casing of polished 
metal, C, and the reaction-chamber, D, £, hair felt covenng, stirrer, G, 
glass reservoir with stopcock, JET and J, two similar thermometers of sensitive 
tyoe reading to hundredths of a degree, /, thermometer mdicafang temperature 
of water-jacket, X, wooden wedges to insulate calorimeter 

to determine how much, and see if it has anything to do with our 
theory of electrolytic^ dissociation Let us cairy on such a chem- 
ical reaction and experimentally measure the amount of heat given 
out For tins purpose we shall require a calonmeter hke that 
represented m Fig i6 It is easily made of pohshed biass by any 
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good sheet-metal worker, and is a valuable piece of apparatus for 
the physical-chemical laboratory The inner reaction-chamber D 
should be of thin platinum, however Fo/ our evperunent we wiU 
place a normal solution of sodium hydroxide 'within the platinum 
chamber,* and a normal solution of hydrocholoric acid/within the 
glass reservoir with the stopcock turned off The two thermom- 
eters are inserted, and the entire apparatus is allowed to stand for 
a sufficiently long time to allow eqmhbrium to be estabhshed The 
thermometers are then read, and the hydrochloric acid from the 
reservoir is allowed to run into the calonmeter while the stirrer F 
IS operated The thermometer I is carefully watched unhl tke 
mercury rises to the highest pomt Now we are to measure the 
heat of the reaction m calories, and in order to do this it is only 
necessary to know the mass of the hquid raised through the indi- 
cated temperature, and to make the usual calorimetric corrections 
We must know and allow for the specific heat of the mixture, the 
weight and specific heat of the platinum vessel, the heat exchange- 
of the calorimeter, etc The detailed method of worjpng with 
calorimeters can be found in any good laboratory treatise on gen- 
eral physics As a result of such an experiment with hydrochloric 
acid and sodium hydroxide we get 13,700 calories, in adchtion to 
the formation of the salt and the water Now to come to the point, 
it matters not what acid and what base we use, or what salt is formed, 
we always get experimentally in such a calonmeter deteimination 
13,700 calories The following table indicates the run of things, 
and It now remams for us to interpret the meaning and see what 
it has to do with electrolytic dissociation The first table gives a 
varying acid and a constant base, and the second table a varying 
base and a constant acid 

HClH-NaOH liberates 13,700 calories 
HBr-l-NaOH hberates 13,700 calories 
HI-l-NaOH hberates 13,700 calories 
HNOa-fNaOH hberates 13,700 calories. 

HCl-f LiOH liberates 13,700 cf^ones 
" HCl-fKOH hberates 13,70® calories 

HCl+Ba(OH)2 hberates 13,800 calories 
HCl-|-Ca(OH)2 hberates 13,900 calones 
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In the case of the calcium and barium hydroxides, one-half 
normal solutions were taken to normal solutions of hydrochloric 
acid, for the reason that calcium and barium are bivalent The 
above tables cxliibit to us a remarkable performance, and it re- 
tnams for &e physical chemist to explain it The theory of electro- 
l)^c dissociation explains it perfectly, and m so domg gains im- 
iJortanS experimental evidence in its own support^ 

HCl and NaOH react and give NaCl and H2O 

In terms of our theory, however, these bodies would be disso- 
Qated hnd represented thus 

+ + — + _ 

H Cl and Na OH react and give Na Cl and H20 

Salt and water are the products, of course, but as the salt is 
born in water, so to speak, it is dissociated as represented as Na Cl, 
and not as NaCl, as it would be out of solution The only 
''thing reaUy formed in the molecular state is water, and the constant 
of 13,70c calories is merely the heat of formation of water AH 
bodies have either a positive or a negative heat of formation, and 
if the salt IS formed m the molecular condition along with the water. 
It would, of couise, add its own heat of formation to the sum total, 
and as different salts have different heats of formation, we would, 
of course, not get a constant, but a different number of calones for 
each reaction between an acid and a base The foUowmg table 
gives the heats of formation of a number of salts produced by the 
acids and bases which we have tabulated 


NaCl 

9,760 calones 

NaBr 

8,580 calones 

Nal 

6,910 calories. 

NaNOa 

11,130 calories. 

LiCl 

9,380 calones 

KCl - 

. . . 10,430 calones 

BaCla 

, . 19,470 calones 

CaCla , 

16,980 calones 


In the case of the calaum apd banum chlondes, one-half the 
indicated number of calones must be taken, foi the reason that cal- 
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cium and baiium aie bivalent and lequiie double the quantity of 
acid 

It will thus be seen that \vithout the tbeoiy of clectrol5dic dis- 
sociation wc would be unable to explain the hberation of a con- 
stant number of caloiics, when an acid reacts with a bas^ <' 

^ ADDITIONAL EVIDENCE 

Let US take four electrolytes, foi example, and make two mix- 
tures Foi this purpose we will choose 

First mixture Potassium niti ate, KNO3, „ 

Sodium iodide, Nal 

Second mixture Potassium iodide, KI, 

Sodium nitrate, NaNOs 

Dilute solutions of both salts 111 each mixture are represented 
as follows, with all the constituents dissociated , 

K NO3 and Na I, 

K I and Na Nb3 

In terms of the theory of electrolytic dissociation we have ex- 
actly the same 10ns present in both cases, and the properties of the 
two mixtures should be absolutely the same The two solutions, 
when equivalent quantities of the different substances are taken, 
arc found to be identical m every respect 

FURTHER EVIDENCE EXPERIMENTS WITH PERFECTLY DRY 
COMPOUNDS 

Let US take any of the “chemically active” bodies, or electrolytes, 
and inquire into their behavior when perfectly dry In terms of 
ihe theory of electrolytic dissociation, dry electrolytes are m the 
molecular condition and are also “chemically inactive ” In terms 
of the theory, the dissociation products, or ions alone, are capable 
of entering into chemical combinations Let ''us test this matter 
carefully by referring to a number of experiments involving the 
careful drying of the substances employed It is well known to 
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chemistry that ammonia gas, NH3, and hydrochlonc-acid gas, HCl, 
react at once to form ammonium chlonde, NH4CI 

* NH3+HC1=NH4C1 

The ryhite clouds of ammonium cliloiide aic even»manifested 
when an ammonia bottle is unstoppeied in the neighborhood of 
hydrochloric acid It has been shown by the most careful and 
patient woikers that thoroughly dry ammonia gas and thoroughly 
dry hydrochloiic-acid gas do not react to form ammonium chlonde, 
and may be separated after mixing in a thoroughly dry receiver 
•The accompanying illustrations show how this may be accom- 
plished after the gases have been produced and thoroughly dried 
The absolute drying of these gases is a difficult and tedious process, 



Fig 17 — Diagram Representing an Uncombmed Mixture of Dry Ammonia Gas and 
Dry Hydrochlonc Acid Gas The respective gases are here being separated by 
charged electrodes, where they may be drawn off and tested 

for the slightest trace of moisture in either the gases or the glass ‘ 
globe will defeat the object of the experiment They may, of course, 
be dried by passing through towers of finely broken lime and phos- 
phorous pentoxide The globe must be heated to a high tempera- 
ture by means of a Bunsen flame, while thoroughly dried air is 
passed through In every detail the most elaborate precautions 
must be taken against having moisture present In this case we 
have two molecules, NH3 and HCl, behaving like ions, that is, the 
one goes to the positive pole and the other to the negative pole 
The student may ask how it is that we have hydrogen going 
to the positive pofe, in the HCl diagrammatically represented 
withm the globe m Fig 17 If he will turn to the first chapter and 
exaimne the elements arranged m their “electrochemical order,” 
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he Will note that chlorine is much more strongly electronegative 
than hydrogen is electropositive, and being linked to the hydrogen, 
draws it to the positive pole In the case «of ammonia, we may 
think of the hydrogen winning and dragging the nitrogen to the 
negative pole, because there are three hydrogen atoms to the one 



Fig i8 — Glass Globe with Electrodes Leading to Static Machine for Separating a 
Perfectly Dry Mixture of Ammonia and Hydrochloric Acid Gases Mter mix- 
ing together in the globe the gases may be separated by static charges upon the 
electrodes and be drawn off through the glass tubes 

of mtrogen in the ammonia molecule Atom foi atom nitrogen is 
more strongly electronegative than hydrogen is electropositive, as 
can be readily seen from the table, but there are three hydrogen 
atoms pulling the one nitrogen atom, and we may compare matters 
to a game of football where three players for one goal get hold of 
a single player for the other goal The smgle playei is pulhng 
harder than any one of the others to make, his* goal because he is 
stronger, but he is overpowered in numbei Fig i8 shows a glass 
globe on an electrical machine for carrying out such an experiment 
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So much for this experiment The following list represents work 
done by various experimenters m support of the dissociation theory 
Perfectly dry sulplluric acid has been shown not to act on per- 
fectly dry metallic sodium ' 

’ Dry hydrocholnc acid does not act on carbonates 

Dry hydrogen and chlorine may be mixed together and exposed 
to the sunlight without an explosion taking place . 

Dry hydrochloric-acid gas does not precipitate silver nitrate 
from water-free ether or benzene solution 

Dry acids will not act upon litmus paper, and will not form 
.salts with dry bases 

, Absolutely dry oxygen gas wiU not suppoit combustion in many 
moisture-free substances! 

Dry chlorine does not combine with metals, not excepting sodium 
and potassium 

Absolutely dry gunpowder could not be ignited" 

Allow the slightest trace of water vapor to enter the field m any 
of the above cases and we have immediate reactions What part 
does the water play? In terms of our theory it is the dissociant, 
or cause for breaking down the molecules Fig 19 represents a 
molecule consisting of th atoms A and B, with the “chemical 
affinity” between them assigned to electrical attraction of unlike 
charges The atoms in the molecule here are believed to be held 
together by electrical attraction Now bring such a molecule into 
the presence of water The negative atom will induce a positive 
charge in the water, and the positive atom wih induce a negatne 
charge in the water Now, according to J J Thomson, one of 
England’s most distinguished and famous phvsicists, because of 
these induced charges the attraction between the atoms A and B 
will be weakened, and when immersed in the water will be lost 
altogether The following are Prof Thomson’s words describing 
the condition when such a molecule as represented in A B in the 
little diagram Fig 20 is brought near a conducting sphere “Thus 
let AB represent two atoms in a molecule, placed near a conducting 
sphere, then the effect of the electricity induced on the sphere by 
A will be represented by an opposite charge A', the image of A in 
the sphere If A is very neai the surface of the sphere, then the 
negative charge at A' will be very nearly equal to that of A Thus 
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the eflect of the sphere will be practically to neutialize the eflects of 
A , as one of these effects is to hold the atom B in combination, the 
affinity between the atoms A and B will be almosP annulled by 
the piesence of the sphere Molecules condensed on the surface 
of the sphere will thus be practically dissociated The same effect 
would be produced if the molecules weie suiioundcd by a substance 
possessing a vei-y laige specific inductive capacity Since water* 

A B 

0 © 



Pig It) Fig 20 

Fig ig — Diagram Illustrating the Part Played b> a Dissociant when an Elcclroh te 
IS Immersed A and B are the atoms of a molecule 
Fig 20 — Diagram Illustrating Prof J J Thomson’s Theory of Electrolytic Disso- 
ciation, assuming that the atoms in a molecule are held together b\ electrical 
attraction 

IS such a substance, it follows, if we accept the view that the forces 
between the atoms are electiical m their oiigin, that when the mole- 
cules of a substance are in aqueous solution the forces between 
them are very much less than they are when the molecule is free 
and in a gaseous state ” 

Thus far we have considered only solutions of electrolytes in 
water Water has therefore been the dissociant in all the cases 
which we have so far met with Although water is the strongest 
dissociant known, there are other liquids capable of brealcing down 
molecules when solutions are made in them ,By strongest dissociant 
known we mean a solvent which breaks the largest number of mole- 
cules down into ions per unit of solvent volume In very concen- 
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trated solutions of elecliolytes we have a mixture of molecules and 
ions As the dilution is incieased the number of ions incieases, 
foi upon the addition df moie water moie of the molecules aie bioLcn 
down The strong acids, bases, and salts aie completely dissociated 
when a molugram equivalent is dissolved in looo literj of watei 
^If we dissolve a molugram of a strong acid m 500 litcis of water, 
we will have in solution molecules and ions The solution con- 
ducts the electric cuiient solely by the transport of the e ectnaty 
by the free 10ns If we measuie the conductivity of such a solu- 
tion, we will, of course, obtain a ceitain conducting I’-alue Now, 
•what will be the effect of diluting the solution with watei ? With 
•furthei dilution we get incicascd ionization up to the point wheic 
there are no molecules left, all having bioken down into 10ns We 
should expect the moleculai conductivity of the solution to inciease 
upon diluting with water, if the dissociation theory is true As a 
matter of fact, the molecular conductivity does increase up to the 
point inhere we have a gram-molecular equivalent dissolved in 1000 
liters ol water Now, water being the stiongest chssociant known, 
all othei solvents must be piescnt m laiger quantity to effect an 
equal dissociation We will now give a table with the dissociants 
in order of their strength, and follow it by an easily performed prac- 
tical experiment to show that dissociation increases upon dilution 

DISSOCIANIS IN ORDER OF POWER. 

Water 
Foimic acid 
Methyl alcohol 
Ethyl alcohol 

There aie other dissociants, but the above are among the most 
common and generally employed J J Thomson has also shown 
that the dissociating power bears a relation to the dielectric constants 
This is in support of the theory of the electiical attraction between 
the atoms in a molecule Having stated that dissociation and 
electrical conductivity increase upon dilution up to a point where 
we have the gram-molecule dissolved in 1000 hters of water, 
we will now test it by experiment 
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PRACTICAL EXPERIMENT TO SHOW DISSOCIATION AND INCREASE IN 
ELECTRICAL CONDUCTIVITY UPON DILUTION WITH WATER 
In the following expeiiment there is developed a double and 
simultaneous indication of ionization, the appearance of a deep- , 
red color bn the one hand and the steady increase of electrical 
conductivity, upon the addition of water, on the other hand The* 
color change is dependent upon the well-known behavior of phenol- 
phthalein as a chemical indicator To the characteristic color 
deportment of this interesting compound the conductivity method 
IS simultaneously applied The expenment as heretofore exhibitel^ 
consists in nieiely noting the color change which is pioduced as 
follows A small quantity of phenolphthalem is dissolved in ethyl 
alcohol and is poured into a tall glass lecture-jar to a height of about 
S centimeters A few drops of ammoma water arc then carefully 
added There will be a shght momentary yellow coloration, which 
will immediately disappear upon shakmg if too much ammonia 
water has not been added, if too much ammonia water has 
been added, add more alcohol Now, chemists know 'that a 
coloiless solution of phenolphthalem turns a beautiful led in the 
presence of a base Here we have the phenolphthalem and the 
base, ammomum hydroxide, m alcohohe solution together, and no 
red color appears Why? Ammonium hydroxide cannot show 

+ — 

Its basic properties until dissociated into the ions NH4, OH, the 
isolated OH or hydroxyl producing such basic manifestations 
Now, if we look at the table of dissociants, we see that ethyl alcohol 
IS a very poor dissociant and is unable to break the ammonium- 
hydioxidc molecules down into 10ns Now, what will happen if 
wc add some water? Watei, as will be seen from the table, heads 
the hst as the strongest dissociant known, and we should expect it 
to lomze the ammonmm-hydi oxide molecules if it be added If 
the ammomum-hydroxide molecules are dissociated or ionized, 
we should expect the red color of the phenolphthalem to appear 
and become deeper and deeper as the molecules are broken up 
into active 10ns This is just what happens jdpon the addition 
of water the color begins to appear and continues to get deeper 
and more decided as dilution continues This is an odd sight, to 
see the addition of pure water to a faintly colored solution produce 
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a deeper and deeper color as dilution goes on So much for the 
color indication of dissoaation on dilution Now, molecules do 



not conduct the electric current, and it occurred to the author to 
perform this same experiment over agam, but, instead of using the 
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glass jar, to employ a glass tank piovided with electrodes and study 
the conductivity behavioi at the instant the color appears and follow 
the conductivity behavior as the phenolphtBalem deepens in color 
Foi this puipose a piece of appaiatus was made as illustrated in 
Fig 21 ,With such a piece of appaiatus we should not only ob-' 
tain the coloi reaction with an indicator, but an increasing con^ 
ductmty of the solution The experunent is best and most forcibly 
shown by first filhng the tank with pure distilled water to the top, 
ha\ing washed it out many tunes previously with distdled water to get 
it perfectly clean, when there toU be practically no indication upon the 
galvanometer The water is next poured out and the tank carefully 
drained and dned as much as possible It is then filled to the same 
level with a solution of phenolphthalein in ethyl alcohol to which 
some ammomum hydroxide solution has been added Tins should 
be coloiless, as will be the case if not too much ammonia was added 
There will be practically no indication upon the galvanometer We 
have then separately tested the conductivity of the water and the 
solution Let us now see what the addition of water accoijiplishes 
For this phase of the experiment the phenolphthalein solution is 
poured out, all but a small quantity The -writer usually leaves 
solution in the bottom to a depth of about s ccntimetcis Water 
is now very slowly added, when the led color begins to appear, and at 
the same instant the galvanometer begins to show conductivity As 
the led color incieases the electrical conductivity also increases, as 
IS plainly shown by the galvanometer The dilution is continued 
until the tank is full The tank is constructed with a distance 
between the glass sides of only i centimeter, and therefore requires 
but a small volume of solution The joint between the glass and 
the wood is made* in a deep groove by cement We will now close 
the present chapter -with defimtions of the new terms introduced 
Gram-molecule, or molugram — Molecular weight of a compound 
expressed m grams The molecular weight of sodium chloiide is 
58 5 In Older to use a gram-molecule of sodium chloride we * 
would weigh out 58 5 grams of the substance, for example 

Latent heat — ^The amount of heat required J;o change the phys- 
ical state of a body without changing its temperature The heat 
given out or absorbed when certain bodies change their physical 
states 
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Specific heat — The amount of heat required to raise a gram 
of a substance, one degree in temperature as compared with the 
amount of heat required to raise one gram of water one degree 
, Calone — The unit of heat The amount of heat required 
to laise one gram of water one degree in temperature" There 
are large Calones also, bemg icoo tunes the small c. loiic, for con- 
vemence 

Heat exchange of calorimeter — Enor due to loss of heat by the 
calonmeter itself, by radiation, etc To be determined by experi- 
ment with individual calorimeteis by blank tests 
" Elevation of loiiing-pomt — Often expressed m works on .phys- 
ical chemistry as “the lowering of the vapor -tension of the solvem ” 
"Bumping ” — ^The hberation of steam with ahnost explosive 
violence fiom the smooth interiors of glass flasks when liquids are 
boiled in them Prevented by introducing sharp pomts, as by 
the introduction of broken glass 

Dissociant — A solvent that not only dissolves electrolytes, but 
breaks them down into ions at the same time Benzene dissolves 
many electrolytes, but does not dissociate them, and therefore such 
a solution would be a non-conductor of the electric current 

Chemical affinity — The attraction between the atoms m a mole- 
cule, whether due to electrical attraction or other forces 

Specific inductive capacity — Dielectnc constant We owe to 
Cavendish (1771-81) the discovery of the fact that the amount 
of inductive effect which takes place through a dielectric is different 
for different substances 

Molecular conductivity — ^Molecular conductivity of an electrolyte 
is equal to the specific conductivity of i cubic centimeter of the 
solution times the number of cubic centimeters containing a gram- 
molecular weight M=NS, where M is the molecular conductivity,* 
N the number of cubic centimeters of the solvent contaimng the 
gram-molecular weight -oi molugram of the electrolyte, and S the 
specific conductivity of a cubic centimeter of the solution 
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NOVEL EXPERIMENTS IN “ELECTROLYTIC INDUCTION” 

As It IS the purpose of the first few chapters of this work to acquaiat 
the student with the constitution and behavior of electrolytes und^r 
various conditions, such effort would fail should we neglect to touch 
upon the electrostatic and electromagnetic deportment of substances 
m solution Having dealt with electrolytes theoretically and experi- 
mentally, and learned the fundamental laws upon which their 
behavior depends, we will be m a position to take up the practical 
work which is to follow in the later chapters, and from the subject 
of electrochemistry as a science touch upon electrochemical engineer- 
ing as an art We are, therefore, acquamtmg ourselves with elec- 
trolytes, the theories upon which they are based, and their capacities 
as electrical conductors We shall also study electrolytes as producers 
of the electric current but this phase of substances in solution is 
best left until a little later The first experiment illustratmg the 
effects of elcctiical induction upon an electrolyte as given in Fig 22 
was designed by Wilhelm Ostwald, Professor of Chemistry in the 
University of Leipzig, and one of the most distinguished physical 
chemists Germany has ever produced Prof Ostwald’s experiment 
has for its object to prove the existence of “free ions” m an elec- 
trolyte, and to show that they actually migrate and carry the elec- 
trical charges upon them The author became much interested in 
Ostwald’s work, and repeated the experiments for himself, contmuing 
the research still faither, as will be described m the present chapter, 
developing what may be termed “electrolytic mduction ” Let us 
first take up the experiment of Ostwald referrmg to the illustration. 
In the expel iment with potassium clilojiide, Ostwald writes as 
follows “The following consideration may serve to remove the last 
doubts as to the validity of the assumption of free electrically charged 

5° 
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atoms of chloiine and potassium Imagme two insulated vessels, 
5 * and C, filled with a solution of potassium chloride and electrically 
connected by means of the siphon D Let a negatively charged 
body be brought near B, remove the siphon, and lastly the charged 
*body A Then, as is well known, B remains positively electrified, and 
C negatively electrified Now, accordmg to Faraday’s law, the 
electricity in electrolytes can only move simultaneously with the ions 
Consequently, if an excess of positive electiicity is present in B, 
there must also be an excess of free potassium 10ns, 1 e , of potassium. 



Fio 22 — ^Prof Ostwald’s E\penment in Static Induction to Show the Presence of 
“ Free ions ” A, negatively charged body, B and C, beaiers filled With a solu- 
tion of potassium chloride, D, siphon-tube filled with the same solution and 
joining the two beakers 

atoms, by the electricity of which the charge is determmed If the 
electricity is conducted away, * the potassium assumes the ordmaiy 
form, and acting on the water of the solution develops hydrogen, 
which can be collected m suitable apparatus and tested Similat 
considerations hold good for the chlorme in the vessel C It is 
consequently not only conceivable that the 10ns in an electrolytic 
solution move about with electrical charges, otherwise quite free, 
but solutions may be prepared which contain an excess of any ion. 
we choose, e g , an excess of potassium The assumption that elec- 
trolytes contam free 10ns is not only possible but necessary ” 

This experiment as originally proposed by Ostwald was not at all 
practical, for the quantity of hydrogen gas liberated was so small that 
it could not be seen The liberation of hydrogen is based upon the 
following simple equation 

2K 2H2O = 2KOH -t- H2 


By inserting in the beaker B a platinum 


earth — ^N M H 
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The experiment was eventually modified by Profs Ostwald and 
Nemst, the latter being also one of the most biilliant German physical 
■chemists of the times This experiment shows to the* eye the libera- 
tion of hydrogen under similar conditions of static induction, and 
as a practical illustiation of great beauty The arrangement of thiS 
apparatus for this experiment is shown m Fig 23 At A we have 
the positive kndb of a static electiical inachme connected by a tmsel 



Fio 23 — Ostwald and Ncmst’s E-^periment in Static Induction to Show the Pres- 
ence of “ Free Ions ” A, positive knob of electrical machine, B, glass flask cov- 
ered with tinfoil, C, wet strings connecting the glass flask and the vessel D, both 
contaimng dilute sulphuric acid, E, burette drawn out into a fine capillarv, G, 
through the side of winch the platinum wire, F, is fused, H, glass plate on glass 
insulatois 

cord or small metal chain to the little hook on the tinfoil covering 
•of the glass flask B This flask is filled with dilute sulphuric acid 
and is thoroughly msulated upon a glass or hard rubber-plate resting 
upon small insulators also of glass Cords or strings wet with the 
same dilute sulphuric acid dip into the flask and connect with the 
vessel D also contammg some of the same sulphuiic-acid solution, 
and being msulated in a similai mannei TJie glass burettte E has 
been drawn out mto a long and fine capiUaiv G through w'hich a 
fine platmum wire is fused and which turns to eaith Now what 
happens when the electrical machine is put mto operation? The 
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tinfoil coating being electrically connected with the clectiical 
machine becomes positively chaiged, which, acting through the glass 
of the flask, attracts and holds a coiiespondmg amount of negative 
electricity, while the positive is repelled The positive electricity, 
or, as we believe, the positive ions, which in this case aie hydiogen 

(H2SO4 ionizes into H2 SO4) is repelled through the moist cord w'hich 
leads to the vessel D and the capillary of the burette filled ivith the 
acid and water to a height of a few centimeters, when it meets with 
a little column of mercury at G connected to earth Tins mercury 
\yas drawn up into the capillary by placing it in the bottom of the 
vessel D, when some of the dilute sulphuric-acid solution was allowed 
to follow Now the hvdiogen 10ns aie repelled through this system 
and are discharged when they reach the grounded niercuiy They 
then become ordinary atoms of hydrogen, and may readily be seen 
in the capillarj On starting the electrical machine the evpciimenters 
observed a rush of tiny bubbles of gas through the mercury at G, 

collecting at the top under the glass stop-cock, the SO4 ion being 
held by the positive attraction on the outside of the flask B Here 
we have a very beautiful cxpeiiment based upon an induction phe- 
nomenon The experimenters also conducted a most elaborate 
quantitative research upon this phenomenon, to ascertain if the 
amount of hydrogen set free at G corresponded to that calculated 
from Faraday’s law, and found withm the limits of experimental 
error that it did We shall take up Faraday’s law and the 
subject of electrochemical equivalents m a later chapter, but at the 
present time it is only wise to state that all 10ns have definite capac- 
ities for the electrical charges according to their valencies Knowmg 
the electrochemical equivalent of hydrogen, for example, it would 
be an easy matter to calculate what mass, 01 what volume of hydrogen, 
would be set free by a given quantity of electricity The experi- 
menters referred to employed such a course in checkmg the above 
expel iment quantitatively So much for the experiment of Ostwald 
and Nernst, dependmg upon the liberation of hydrogen as proof of 
the migration of free 10ns Fig 24 illustrates the author’s modifi- 
cation of this experiment based upon the use of the reflecting 
galvanometer as a chemical indicator, to prove that 10ns had migrated 
under the influence of static mduction Gaugm, and later Prof. 
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Kuester, employed the reflectmg galvanometer as a chemical mdica- 
tor, and the use of such an instrument for detecting acids and bases 



will be described before we describe the author’s experiment To 
quote from Gaugm’s work we have the following “Electromotive 
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Force of Platinum in Contact with Acidulated or ^Ikalmized Water 
Two plates of platinum were immersed m acidulated water for 
some time One bein'g, withdrawn, washed m distilled water, and 
letumed, was found to be negative Electromotive force = 00136 
yolt Water alkabmzed with KOH was then substituted The 
washed and returned plate was found to be positive Identical 
results were obtamed -with plates of platinized platinum It is 
possible to recognize by this means whether a liquid is neutral, or 
acid or alkalme, even when its reaction is so feeble as not to affect 
test-papers ” 

Now the author’s experiment consists in operating the electrical 
machine, when the tinfoil coating ot the beaker B will be positively 
charged and will hold the negative 10ns of the potassium chloride 
K Cl, which, as may be icadily seen, are chloiine 10ns, and will lepel 
the positive 10ns which aie potassium thiough the moist cord into the 
beaker C, where they may be discharged, aftei the lemoval of the wet 
cord, bv the platinum wiie shown at the light of the beaker Upon 
discharging the potassium 10ns they become potassium atoms and 
react with the water as before 2K+2H20 = 2lv0H -I- H2, forming 
potassium hydi oxide and setting hydrogen free This experiment does 
not attempt to show migration by the setting fiee of the hydrogen, 
but by the formation of the alkali, or base, KOH, potassium hydroxide 
To do this the reflecting galvanometer is employed It would be 
expected that the chlorine 10ns could be dischaigcd m the same 
mannei and their presence shown by a drop 01 two of silver-nitrate 
solution Although theic is little doubt of then being discharged m 
the same mannei, the minute quantity of chlorine present would not 
suffice to give a chemical piecipitation of silver chloride Perhaps 
if the electrical machine was allowed to lun foi several days, a shght 
opalescence might be observed when a drop or two of silver nitrate is 
added When we complete our studies of Faraday’s law involving 
the electrochemical equivalents we will be in a position to appreciate 
how few chloiine 10ns would migrate under such circumstances as 
we have in this experiment All ions carry very great electrical 
charges, and we know as physicists that there is very little quantity 
of electricity to be ha*d from a static machine The electricity from 
a frictional machine is almost all potenhal difference! The amperage 
in a cunent from a static machine is so small as to be detected and 
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measured only by very special means Now a few ions are capable 
of carrying many amperes, as we shall see later, and it is not sui- 
pnsing undei the circumstances that our static charges have been 
cairied by very few ions indeed We will now leave experiments 
with static induction and study the eftects of magnetic and galvanic 
induction upon electrolytes All the foUowmg cxpciiments are 
based upon the original researches of the present author, and are 
now published 'for the first time It occurred to the writer to com- 
paie electiolytes with metallic conductors when under the influence 
of magnets and electric currents in neighboring conductors, to see if 
inductive effects and inductive currents were produced Will a 
magnet induce a current of electricity in an electrolyte as it does in a 
metalhc conductor ? This question is not touched upon in the treatises 
m physics or chemistry, and it was therefore resolved to answer the 
question by experiment Fig 25 shows the first comparatively 



Fig 25 — ^Expenmeiit to Learn the Effect of a Maj^net upon a Coil of Flectrolyte 
The central figure represents a coil of wire of equal resistance and dimensions, 
which may be subsUtuted for the coil of electrolyte 

rough plan for learmng whether a magnet will induce an electric 
current m a coil of electrolyte as it does in a coil of wire We have 
here a sensitive reflecting galvanometer at the right to show any 
induced current As a matter of fact a magnet does induce a current 
of electricity in the electrolyte and causes the galvanometer to mdi- 
cate the same The coil of wire represented la the center was made 
of equal dimensions with and substituted •for the coil of electrolyte 
to ascertam if the effect was quantitatively tlie same The coil of 
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elect! olyte consisted of a glass tube filled with a dilute solution of 
sulphuiic acid It was^ necessary to introduce m senes with the 
metal coil some additional resistance, which was of a non inductive 
type, in order to obtain comparable conditions, as the coil of elec- 
trolyte had a much higher ohmic resistance than the coil of wire 
The deflection of the galvanometer proved to be the same in both 
cases As it was an impossible matter to place thS magnet in the 
two respective solenoids m exactly the same manner and at exactly 
the same time, the expenment as illustiated in Fig 26 was conducted 
Here we have at the left a soft-iron bar mnmng honzontaUy through 
a coil of insulated wire which is in series with a storage-battery, the 
termmals of the wire being free for connection with a contact key 
which may be closed uniformly any number of times Next to the 
coil we have a glass coil filled with any good electrolyte in solution, 
into which the terminal wires (which must be of platmum) of a 
reflecting galvanometer dip At the extreme light we have a coil of 
resistance wire of equal proportions and equal number of turns as 
in the gLss coil, and in series with it a rheostat of the non-inductive 
type, for bringing the wire to the same resistance as the coil of elec- 
trolyte Of course some wire of high resistance must be used, such as 
IS employed in icsistance sets, in order that we ivill not have to depend 
upon much outside resistance, as by the use of the rheostat The 
coil of alloy wire may now be substituted for the coil of electrolyte, 
and by means of the key and storage-battery, operating the electro- 
magnet, we can produce the same number of magnetic hnes of force 
in just the same way and in the same time as we did in the case ot 
the coil of electrolyte Experiments with such a piece of apparatus 
gave the same deflections of the galvanometer with a coil of electrolyte 
as they did with a coil of alloy wire We can then think of the free 
10ns being migrated by ordinary magnetic induction so common to all 
students of physics and electrical engmecring Let us now study the 
effect of an electric current upon a magnetic needle while traversing 
an electrolyte For tlus purpose set up a piece of apparatus hke 
that represented in Fig 27 Here we have a glass tube about a meter 
in length by about ar centimeter in internal diameter, bent up at the 
ends as indicated TluJ, is filled with dilute sulphuric acid, and is 
provided with platinum electrodes with loose fiihng stoppers The 
tube IS supported on two laboratory stands above a dehcate compass- 





NOVEL EXPERIMENTS IN "ELECTROLYTIC INDUCTION’,’ 


needle is represented upon an adjustable stand in order that it may 
always be brought to exactly the same distance below the wire and 
electrolyte respectively “The measurement must be made from the 
center of the wire and electrolytic tube respectively Below m the 
same illustration we have a plan of the apparatus, looking down upon 
itj It wiU be readily seen with such an arrangement how the wire 




Pig 27 — E-ipenment to Show the Effect of Electrolytic Conduction upon a Magnetic 
Needle The experiment is so designed that a wire carrying an equal current of 
electnaty may be subsUtu ed for the electrolyte and the deflection of the mag- 
netic needle quantitatively compared We can throw in senes with the electrolyte 
or wire at will the lamp, ammeter, and variable rheostat which join to a lighting 
circuit or storage-battery The arrangement of the two switches at either end 
Will make this clear 

may be quickly substituted for the electrolyte, and how the electric 
current may be controlled and made to flow through the electrolyte. 
In conductmg this experiment the student will be impressed with 
the greatly superior conductivity of metals and even high-resistance 
alloys over electrolytes The result of such a caiefuUy conducted 
experiment will show that the magnetic effect of electric currents 
traversmg electrolytes is quantitatively the same as electric currents 
of equal strength traversing conductors of the first class The thought- 
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ful student will be likely to ask why the effect is just the same when, 
we have positive ions gomg to the cathode carrymg positive electrical 
charges and negative ions going to the anode carrying negative elec- 
trical charges The only answer that can be given is that a negative 
ion travelmg from right to left tends to turn the magnetic needle in 
the same direction as a positive ion does traveling from left to light 
We know that £he same current traversing a wire will turn a magnetic 
needle to right and left respectively, accoi dmg to its position above 
or below the needle, and that we can greatly incicase the magnetic 
effect by carrymg the wire ovei and under the needle a number of 
times We may say tliat a positnely charged particle, oi ion, pio- 
duces the same effect upon a magnetic needle, traveling from iig*ht 
to left, as a negatively charged ion does tiavehng fiom left to right 
The author has designed an elaborate experiment to show this by 
a lapidly lunnmg band of pure silk iibbon, upon which are pasted 
little tmfoil disks The band may be rim right-handedly under a 
suspended magnetic needle, with positive static charges upon the 
tinfoil disks and the deflection and direction of the' magnetic 
needle noted The direction of the band may then be reversed, and 
the disks be charged negatively, when the deflection and direction 
of the needle are again noted The little disles are charged by passing 
under and touching a tinsel brush connected with either pole of 
an electrical machine of the static type This is a mechanical repre- 
sentation of migratmg ions in opposite diiections Owing to the 
small quantity charge of electricity upon the disks which were 
placed about 3 centimeters apart the iibbon was run at high speed. 
The diums over which the iibbon ran were supported upon solid 
glass axles to insulate the same As a matter of fact ions travel very 
slowly, but cairy \ery large charges of clectiicity In the runnmg 
Iibbon we have very small charges of electricity, and therefore to 
obtain the same magnetic effects we should be obliged to drive the 
ribbon and little tinfoil disks at very high speed The magnetic 
needle must therefore be protected from rcsultmg air-currents in 
some suitable manner Havmg seen the effects of electric currents 
passmg through electrolytes on magnetic needles, it lemams only to 
observe the effect of electric currents passmg through electrolytes 
on masses of ordmary soft iron Fig 28 illustrates a simple experi- 
ment to measure the “magnetic pull” upon a soft-iron bar, if such 
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pull exists At the right-hand side of +he diagram we have an analyt- 
ical ba ance with the left pan removed in order that we may suspend 
the bar of soft iron to tte experimented upon Diiectly under the 
iron bar is a block of wood or other suitable support for the glass coil 
df electrolyte The platmum electrodes which dip into this electrolyte 
connect through an open scale, or delicate ammeter, in series with 
the variable rheostat and lamp-bank The lamp-bank described 
in the first chapter of our series may be used We can now by 
this arrangement admit current to the electrolytic coil, read the 
current in amperes, and weigh the magnetic pull to a great degree of 
accuracy Substitutmg the alloy coil, we can, by means of the lamp- 
bs-iik and variable rheostat, cause the same current to flow through 



Fig 28 — Fspenment to Show and C^uantitaUvely Measure the Magnetic Pull of an 
Electrolyte Carrying an Electnc Current At the left is an ammeter, a variable 
rheostat, and a lamp-bank, above the ammeter is a coil of alloj wire for substi- 
tution purposes 

the alloy coil and weigh the pull As a result of scores of tests of 
this chaiactei the author found the pull to be just the same with an 
electiolyte as it was with a wire carrying the same cunent Of 
course it goes without saying that the convolutions, and consequently 
the ampere-turns, were the same in both cases For accurate work 
It must be impiessed, however, tliat a rather fine wire of high specific 
resistance must be employed for the conductor of the first class 
Otherwise the resistance of the wire coil will be so much less than 
the electrolyte that we must turn m a great deal of outside resistance 
through the agency of the iheostat Perhaps the most mteresting 
of all these experiments is that illustrated m Fig 29, which has been 
termed a demonstration of “electiodeless conduction ” Here we 
have simply a closed system, an electrolyte without the customary 
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electrodes foi giving and taking the electric cuirent Let us refer 
to the diagram and describe the method of showing this remarkable 
phenomenon The illustration represents an oiigmal experiment of 
the author perfoimed a number of years ago, but like those precedmg, 
it has never been published A represents an alternating-current 
generator connected to a coil of insulated wire on the spool which 
encloses a soft-iron bar This soft-iron bar passes into a glass coil 
of tubing containing dilute sulphuric acid, and is joined through 
two straight glass tubes about a meter long to a second glass coil 



Fid 29 — Experimeatal DemonstraUoa of “ Flectrodeless Conduction ” A repre- 
sents an alternating-current dynamo connected to a coil of insulated wire, through 
this coil a soft-iron bar is passed which enters a glass coil filled with an electro- 
lyte, this glass C.01I IS connected by glass tubes With a second glass coil which is 
placed within a calorimeter, a cylinder of thin soft Russia iron is placed within 
this second coil, which la turn received a very sensitive thermometer 

filled With the same solution This second coil of electrolyte, however, 
IS incased within a calorimeter made from a common pasteboard 
muff-box, lined withm with hair felt, as indicated by the diagonal 
lines 'Within this coil is placed a small cylinder of thm Russia iron, 
which receives in turn and incloses the bulb of a sensitive thermometer, 
like those employed in our previous caloruneter,work One of Beck- 
mann’s thermometers with arbitrary scale and reservoir at the top is 
an excellent type. The cover is placed on the calorimeter, and after 
equilibnum has been established the thermometer is read and the 
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dynamo started The temperature will slowly use when within the 
little iron cylinder If the cylinder is remo\ed the mercuiy in the 
thermometer will fall again, and rise once more upon lowering the 
cylinder WJiat part does the little cylinder play ? It is well known 
to aU. physicists and most electricians that iron heats up when 
it IS magnetized first in one direction and then in the othci 
by the alternating current This heating of iron by^an alternating 
current under such circumstances is called “hysteresis ” Here we 
have the heating of the little iron cylindei by being lapidly magnetized 
fiist in one direction and then in the other, which gives us proof that 
the closed system, without any electrodes whatevei, is conducting 
thf electric current On breakmg the system anywhere, with the 
dynamo still in operation, the heating ceases Here we have un- 
doubtedly the ions driven first in one direction and then in the 
other, leversmg their magnetic effect with their direction If we 
could insert our thermometer m the electrolyte itself, we would 
probably get a heatmg effect due to the “friction” of the ions among 
themselves Fig 30 illustrates a plan for carefully studying the 
effects of alternating currents upon electrolytes of different composi- 
tion The wirmg and apparatus is so arranged m this expenmental 
study as to allow of supplying alternating currents of the same 
energy value, but of various frequencies It has been shown by the 
writer with such an experimental apparatus that the frequency of the 
alternations, everything else remaming the same, has a decided 
effect upon electrolytes Only a very few years ago little had been 
done with the alternating current as applied to electrolytes, and 
nothmg involving alternating currents with change of frequency 
By “frequency” we mean the number of double reversals of the 
current per second The frequency varies in practice between 25 
and 150 The term “period” used in connection with an alternator 
denotes the time elapsing between one complete reversal of the cur- 
rent Now if we have free ions m solution which carry the electric 
current, they must move back and forth to some extent under the 
mfluence of an alternating current In other words, they must 
oscillate Now by varymg the frequency of our alternations we 
vary the rate of oscillation of the 10ns, and if the heating is due to 
friction between the 10ns, the heatmg should be greater at higher 
frequencies than with low frequencies Such was found to be the 
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case, the energy value of the alternating current being kept the same 
By a glance at the last illustration we can readily see how the fre- 
quency may be changed without alteiing the eneigy value of the 
curient We can strongly excite the fields of the alternator by admit- 
ting a heavy current through the iheoslat and driving the alternator 
by means of the motor at low speed, when we will obtain an alternating 
(;yrrent of low frequency and of a definite eneigy value We can 
experiment with this arrangement We can now turn in our iheostat 
and admit a feeble current to the fields of the alternator, and by 
driving the armature at a high speed we will be able to obtain the 
same energy value for the current, but at high frequency Experi- 
ments weie also conducted with electrolytes of various compositions, 
that is, Vith light and heavy ions present lespcctively The electrolytes 
consisting of light ions invariably heated up quicker than electrolytes 
with heai7 ions This can only be explained on the ground of inertia 
The lighter ions travel through the gieatei distances when oscillating, 
and therefoie collide a grcatei number of times The lieaviei ions, 
because of then greater inertia, do not lespond so leadily to the 
alternations, and therefore move through a lesser distance They 
consequently do not meet with so many collisions, and the friction 
IS reduced This of course is theory, but the fact of experimental 
investigation remams that the lighter ions cause a more rapid heating 
than heavy ions, and that all electrolytes heat up moie quickly with 
alternating cuiients of high frequency than they do with alternating 
currents of low frequency It only remains for us to find a theory 
to account for the facts. 



CHAPTER V 

THE VELOCITY OF ELECTROLYTIC CONDUCTION 

EXPERMENTS WITH A HIGH-SPEED SPECIAL CHRONOGRAPH CAPABLE 
OR DIVIDING A SECOND INTO A MILLION PARTS 

Absolute Velocity of Ions 

It will be lecalled that in the preceding chapter ions were made 
to travel by induction In the expeiiment with the electiical ma- 
chine the two vessels connected by means of the wet string, apd 
the capiUary, the electrostatic charging of the electiolyte took place 
at once In other words, as soon as the electiical machine was 
started, bubbles of hydrogen gas made their sudden and immediate 
appearance within the capillary Now, as a matter of fact, the 
bubbles of gas would make their appearance at once, whether this 
wet-strmg conductor was long or short The electrical conduction* 
would be instantaneous, and yet we will learn a little later in the 
present chapter, under the heading “Absolute Velocities of the Ions,” 
that the ions themselves move very slowly and have different veloci- 
ties How can we account, therefore, for the instantaneous con- 
duction of an electrolyte, when the ions which carry the electricity 
upon them move very slowly and have their respective velocities? 
We can only account for the facts m such an experiment by attrib- 
uting the mstanlaneous conduction to be due to free ions alreaay 
present about the electrodes Fig 31 represents an experiment 
of Prof Ostwald to show the instantaneous electrical conduction 
through electrolytes Here we have a glass tube about 50 centi- 
meters long and i centimeter in diameter bent at right angles at 
the ends and enlarged into cylindncal te»minals as shown At 
the left we have a stick of chemically phre zinc supported in posi- 
tion by a cork At the nght we have a bent-tube manometei con- 
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tainuig a little colored water, supported by a good tight cork also 
At the bend on the right a platinum wire is fused m place to act 
as the other terminal or electrode The tube is filled with dilute 
sulphuric acid Upon connecting this piece of apparatus with a 
Battery, motor-generator, or lamp-bank as described in the first 
cliaptei, makmg the zinc the anode and the platinum wire the cathodCj 
bubbles of hydrogen appear instantly upon the platinum wire, and 
a pressuie is indicated upon the water-gauge The instantaneous 
appearance of bubbles of hydrogen with the closing of the contact 



Fio 31 — Prof Obtwalcl’a Expenment to show Instantaneous Electncal Conduction 
through an Electrolyte 

key in series with the source of electricity goes to prove the presence 
of free 10ns already about the electiodes These free ions merely 
give up their charges and escape upon completing the circuit Now,, 
if it was necessary foi the electric current to first decompose or bieak 
up the molecule of sulphuric acid, then the two atoms of hydrogea 
replaced by the zinc in the SO4 radical, must have traveled to the 
platmum-wire cathode through the tube, which is 50 centimeters 
long Now there are. experiments, as we shall see at the close of 
this chapter, to determine the absolute velocities of 10ns, and 
measurements upon the velocity of the hydrogen ion show that it 
would require a long time for hydrogen 10ns to travel through a 
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tube 50 centimeters long Now, hydrogen appears at once upon , 
closmg the circuit, and we must attribute the immediate response 
01 conductivity of the solution, to free 10ns already around the elec- 
trodes in readiness to discharge their electricity Although this 
experiment of Prof Ostwald is one of gieat interest, it struck the 
present writer as being veiy crude and rough and capable of gri^at 
improvement '"It does not answer many vital questions For 
example, do all electrolytes conduct with the same velocity? In 
other woids, will an electrolyte consisting of heavy ions respond 
or conduct as quicldy as an electiolyte consisting of light 10ns? 
Will all electiolvtes conduct as quickly as a metallic conduetdt? 
This appealed to be neglected as a piece of research work, and 
with a view of compaiing diffcient electrolytes with each other 
both in solution and in igneous fusion, and in comparing electrolytes 
with metallic conductois, the special high-speed chronograph was 
designed and built as illustrated in the following drawmgs Thiough 
the agency of this chionogiaph, a dynamo current was compared 
with the curient fiom a set of accumulators, and light thrown upon 
such questions as mechanical movement of 10ns of diifeient weights, 
involvmg the question of inertia Let us hist compare electrolytic 
conduction in an electiolyte with metallic conduction, for if the two 
act in the same time, the evidence in favor o*f free ions is strength- 
ened Fig 32 outlines in diagram the chronograph cylinder and 
the electiolyte and wiie respectively Here A represents the elec- 
tiolyte m the glass tube, and B the parallel metallic conductor 
C IS a rheostat in senes with the metallic conductor to bring the 
same to an equal ohmic resistance with the electrolyte D repre- 
sents a delicate ammeter m series with the electiolyte and the electro 
magnet E of the chronograph F represents in dotted lines the 
same ammeter shifted in senes with the metallic conductor and the 
electromagnet G of the same chronograph H illustrates a double 
switch for simultaneously closing both circuits after the resistances 
of the two have been balanced or made carefully equal to each 
other By revolving the chronograph cylinder and closmg the 
switch, the two electromagnets will strike tire paper band upon 
the chronograph cylinder and draw records by means of soft lead- 
pencil points The chronograph and magnets must first be most 
carefully calibrated on one and the same circuit by connecting the 
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magnets in series with each other, thereby supplying a common 
cunent of electiicit>, and adjusting then springs and striking dis- 
tances until a cunent cf common value will cause both magnets to 
stnke upon the rapidly levolvmg cvhndei at the same mstant This 



Fio 32 — ^Diagram of Author’s Method of Studying Time Required for Electnc Cur- 
rents to Traverse Electrolytes, and to Compare the Time with that Required by 
Metallic Conductors A, electrolyte, B, parallel wire, C, rheostat for balanang 
resistance of wire to that of electrolyte, D, mill ammeter in senes with electro- 
lyte and magnet jE, at -F the null-ammeter is shown shifted in senes with wire 
and magnet G, H, double switch for closing both circuits simultaneously 

can most easily be seen by the penal records When by careful 
experiment and adjustment the two electromagnets strike “abreast”' 
upon the flymg cylmder, which is driven by a high-speed elecrtic 
motor, the series connection is changed and each electromagnet 
is placed separately in circuit with electrolyte and wire respectively, 
previously made of equal ohmic resistance The lines upon the- 
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cylinder in this diawing illustrate the appearance of the pencil 
record when the cylinder is driven at moderately high speeds A 
photograph of such a chronograph is given in Fig 33, where an 
electric motor is directly connected by means of a flexible coupling 
to reduce vibration It was soon found, however, with such a 



Fig 33 — Photograph of Simple Drum High-speed Chronogiaph Direct Connected to 
Dlectnc Motor 

Simple chionograph cylinder, when diiven at very high speeds, 
that the pencil records were drawn all the way around, and it was 
impossible to sec where the contacts were first made It became 



Tig 34 — Rear View of Electrochronograph provided with Electnc Motor, Balance- 
wheel, and Revolution countei Tills instrument is a modificaUon of that show n 
in Fig 3, as It drives a long band of paper for receiving record 

necessaiy to expand the chionograph by dnvmg a long band of 
paper Figs 34 and 35 will make the plan cleai In Fig 34 the 
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end of the chronograph cylinder is again shown, with its electric 
driving motor at the right, and with a heavy balance-wheel to steady 



its rapid motion at the left A revolution counter is also depicted 
at the extreme left, pressed against the shaft of the chionograph 
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cylinder This revolution counter was afterwaid moved to the 
shaft ol the pulley at the fai end of the band, as bemg a fairer place, 
for in case there was a slight cicepmg of the band upon the chrono- 
graph cylinder, theie would be no eiroi intioduced from this cause 
Fig 35 illustrates a side view ot this special form of band chrono- 
giaph, showing its band and suppoiting drum-wheel at the fai gnd 
of the woik-table over which it runs The ariangement of the 
marking-pencils and electromagnets is made clear in this illus- 
tration Upon the work bench or table are the clectiolyte and 
wire respectively, together with a cell oi storage battery and a 
special form of U tube used for various conduction experiments 
with electrolytes This particular chronograph revolves at the 
rate of two thousand revolutions per minute, and it will be seen 
that the slightest “lag” in conductivity in either circuit, when the 
two are closed simultaneously by a proper key, will be shown accu- 
rately and quantitatively upon the movmg band With this ai- 
rangement, as will be seen from the following mathematical exposi- 
tion, a second may be divided into one hundred thousand parts, 
and by higher speeds, the second may be laid oft and divided into a 
million parts, dependent upon the behaviors of the various con- 
ductors experimented with The diameter of the chronograph 
cylinder bemg 15 centimeters, we can take this as a basis upon 
which to start the calculation 
3 14159 

IS cm diameter 


157079s 

314159 

47 12385 cm circumference 

With 2000 revolutions per mmute, we have 47 12385X2000= 
94247 70 centimeters per minute The space traveled during one 
second is therefore 

60)94247 70(1504 1283 cm 
In 1/ 10 second we have 150 47283 cm. 

In 1/100 second “ 15 041283 cm. 

In i/iooo second “ i 5041283 cm 

In 1/ 10000 second “ 15041283 cm 
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Woiking With a chionograph of still higher speed, the cjlinder 
being driven by a two-horse-powei motoi belted up for speed, the 
scale upon the flying band was of couise still moie open, and allows 
of deteiminations to be made to 1/100,000 and even 1/1,000,000 of 
a second A tabulated length of spaces upon this high-speed band 
is,as follows up to hundied-thousandths of a second The figuies are 
as follows 


Cm Circumference Re\ per Min Cm Traveled 

47 1238s X loooo = 471238 5 cm per mm. 
60)471238 5(7853 97500 cm per second 
In i/io second we have 785 397500 cm 
In 1/ 100 second " 78 5397 500 cm 

In i/iooo second “ 7 85397500 cm 

In i/ioooo second “ 785397500 cm 

In 1/ 1000000 second “ 0785397500 cm 


For higher speeds still and correspondingly more minute subdivisions 
of the second, a chronograph rigged hke that shown in Fig 36 was 
expel imented with Here we have an electrolyte 50 feet long m the 
glass tube arranged like a steam-radiator, and the chronograph 
cylmder driven at enormous speed by the multiplying system of 
beltmg to the countershaft, etc The telephone-receiver, cell of 
battery, mduction-coil, and resistance set depicted here were employed 
to balance the resistances, instead of the ammeter employed in 
the slower-speed design of instrument The method of measuring 
resistances by means of the telephone and induction-coil is known as 
Kohlrausch’s method, and consists of the simple Wheatstone bridge 
arrangement, with a telephone-receiver m the place of a galvanometer, 
and the alternating current from the secondary of a small induction- 
coil mstead of a simple battery of cells With this arrangement the 
alternating current produces a humming sound m the telephone 
when the bridge is out of balance The altematmg current in addi- 
tion does not decompose the electrolyte, and allows of conductivity 
determinations bemg made with great accuracy Havmg described 
the apparatus, som^ of the results will now be given The first 
experiments were made with an electrolyte consisting of dilute sul- 
phunc acid m the proportion of ro cubic centimeters of H2SO4, 
specific gravity i 84664, m 40 cubic centimeters of distilled water, and 
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a Wire of German silver made equal m resistance bv means of a 
rheostat of the non-tnduchve type This is an important point to 



observe m determining all resistances where only a momentary 
current is to be dealt with. For a dissertation upon the subject of 
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non-inductive resistances, the student must be referred to any standard 
work on physics deahng with electrical measurements The present 
writer may say, however, that with common coil resistances, or 
rheostats, there is a chobng or dampmg effect upon electrical impulses 
oi short duration, due to the phenomenon of self-mduction Having 
balanced the respective resistances of the electiolytc and wire with 
Its non-mduchve resistance rheostat m series, the chronograph was 
speeded up, and when a rate of 2000 revolutions per minute was 
reached, as counted by the revolution-counter upon the drum-wheel 
shajt, the key was closed three times m rapid succession and the 
chronograph stopped Three records had been made At first it 
was found that the electiomagnet m series with the electrolyte 
struck a trifle in advance of the electromagnet in series with the 
wire, the marking on the band leadmg by o 75 centuneter, indicating 
that the conductivity through the electrolyte was ahead by 1/10,000 
of a second What was this due to ? Although the two resistances 
weie balanced as carefully as possible, the leadmg of the electrolyte 
was undoubtedly due to the fact that its resistance was slightly 
lower than that of the wire The resistances weie carefully 
rebalanced, using the most refined means, when the two con- 
ductors finally “struck abreast,” so to speak, upon the flving 
■band Electrolytes of various composition weie substituted for 
the sulphuric acid and carefully compared with the wire, and 
in every case where the resistances had been perfectly balanced 
the two electromagnets struck abreast The highest speeds of 
bands were of couise obtamed with the large instrument as shown 
in Fig 36, and with this equipment, electrolytes of various lengths 
were experimented with An electrolyte 50 feet in length conducted 
as quicldy as an electrolyte only a few centimeters long It matteied 
not whcthei we used an electrolyte with light 01 heavy ions, the rate 
of conductivity, 01 response to the electric current, was the same 
Experiments were also conducted with storage-batteries as a source 
of electricity, and it was recoided here again that the electricity left 
the free 10ns m the storage-cells as leadily as it did a wire charged 
by a dynamo current , Experiments of this charactei were repeated 
many times, and the writer believes one is justified in stating the 
law that electrolytes of equal resistance conduct the electnc current with 
a definite velocity regardless of the composition of the electrolytes or the 
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length oj the containing vessel It may also be stated that an elec- 
ts olyte conducts the electric current as quickly as a conductor of the first 
class, regardless of its composition, provided we have an equal ohmic 
resistance of a non-inductive type In woiLing with fused electiol} tes 
the same quantitative behavior was observed, the electuc cuireAt 
flowing as quicidy aftei contact as with all metallic conductois 
Free ions must .therefore be aioiind the electrodes and in contact 
with them If molecules had to be first broken down into ions, and 
these ions had to tiavel, there would undoubtedly be a lag m expeii- 
mentmg with electrolytes consisting of heavy ions, for the question 
of inertia would be involved The same impulse which would stait 
up light ions in a given tune would fail to produce the same response 
where heavier ions were concerned Having shown the instantaneous 
behavior of electrolytes toward the electric current, we aie now in a 
position to study the experimental methods for measuring the abso- 
lute velocity of ions 

Experimental Methods for Showmg the Absolute Velocity of Ions 
Lodge’s Apparatus 

It has been stated that all ions had their respective velocities, and 
that these velocities were exceedmgly small It has been demon- . 
strated by Bredig, and also by Ostwald, that the velocity or mechanical 
motion of the ions is a function of their atomic weights This rela- 
tionship was brought out by senes of long and patient research, 
but the reason for such behavior is not understood We have in 
chemistry several striking cases of periodic behavior, although we 
have so far been unable to account for them If we arranged the 
ions m a table accordmg to their migration rates, we would find that 
hydrogen is the swiftest of them all, although its movement through 
an electrolyte reqmres considerable time Let us look mto the 
method of Lodge, and learn just what the speed of the hydrogen ion 
IS Fig 37 illustrates the apparatus of this physicist for determining 
the speed of the hydrogen ion under a given potential gradient 
Here we have two beakers or glass jars jomed by a siphon-tube bent 
at right angles at each end A centimeter-scale is attached to the 
under side of this tube as mdicated This glass siphon-tube contains 
an aqueous solution of gelatine put m hot, which solidifies when 
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cold, forming a jelly Now this solution of gelatine also contains 
some sodium chloride, NaCl, to serve as the electrolyte, and the 
entire solution is colored led by the addition of a little phenolphtha- 
lein made alkaline with a few diops of sodium-hydroxide solution 
The gelatme is dissolved m hot watei m a beaker and some 
common salt is added and stined until a pcrfectlv homogeneous 
solution is obtained A little phenolphthalein is then stined m 
and made red by adding a few drops of the sodium-hydroxide 
solution This mixture is kept near the boilmg-point of water foi 
a few mmutes, and is then poured into a numbei of tubes bent at 



Eig 37 — Lodge’s Apparatus for Experimentally Determining the Absolute Velocitt 
of the Hjdrogen Ion 

Tight angles to form siphons like that illustrated Care must be 
taken to avoid the inclosing of air-bubbles, and the tubes are put 
away to cool and solidify with the bent ends turned up To measure 
the velocity of the hydrogen ion, one of the tubes aftei coolmg is placed 
dipping into the two beakeis as shown, and the beakers filled with a 
dilute solution of sulphuric acid Two platinum ekctiodes are put in 
place and connected to oui motoi -generator or lamp-bank, with a 
voltmeter jomed acioss the electiodes to show the potential gradient 
under which we are working All ions have a fixed velocity under a 
set potential gradient Now, what takes place when a current of 
electiicity is made to pass thiough this system? The hydrogen ion 
fiom the electrolyte of sulphuric acid starts from the anode m the 
right-hand beakei and makes its way to the cathode in the left- 
hand beaker thiough the composition in the siphon-tube What 
happens there? The hydrogen simply displaces the sodium from 
the sodium chloiide present and fonns hydrochloric acid, H-|-NaCl = 
HCl, which decolorizes the gelatinous solution of phenolphthalem 
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This indicator is red in the presence of a base.and colorless in the 
presence of an acid As the hydrogen ion proceeds through the 
siphon-tube, it replaces the sodium m the sodium chloride, and 
bleaches out the plienolphthalein marking its way through the 
composition The experiment is an mterestmg one to watch, as the 
decoloration proceeds at a slow rate Lodge worked with a potential 
gradient eqmvalent to a drop of one volt a centimeter If we have 
a tube 50 centimeters long, therefore we must use a difference in 
potential of 50 volts, and must employ our lamp-bank for this, unless 
we have at hand a dynamo wound for a current output at 50 volts 
For a short tube we can use oui motor-generator. Working with 
such a piece of apparatus with a drop of one volt per centimeter, 
Lodge found the absolute velocity of the hydrogen ion to be about 
if centimeters per minute In three determmations Lodge found the 
hydiogen ion to travel 

I 1560 centimeters per minute 

I 1740 

I 1440 “ “ “ 

The average of these three determinations with the above apparatus 
being 1 1580 centimeters per minute, or considerably over an hour 
for this, the swiftest of all 10ns, to travel a meter, and yet as shown 
by the electrochronograph work, an electric current leaps through 
an electrolyte, so to speak, m exactly the same tunc as it does 
thiough a wire 


Whetham’s Method 

Another experimental method for determining the absolute 
iTlocities of 10ns was devised and used by Whetham, the apparatus 
being illustrated m Fig 38 He describes his method as follows 
“Suppose we have two solutions like copper chloride and ammonium 
chloride, containmg one ion m common and havmg nearly equal 
conductivities Let one solution be colored and have a density 
different fiom that of the other The denser solution is first poured 
into the longer arm of a kmd of U tube, and then the other is allowed 
to flow gently on to its surface fiom the shorter arm If a current 
IS passed across the junction between the two solutions, it carries 
the copper and ammonium ions with it and drives the chlorine ions m 
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the opposite direction Since the color depends on the piesence of 
the coppei ions, the boundary will travel with the current, and by 


measuring its velocity the speed of the 
ions undei unit potential gradient can 
be calculated ” Theie are several other 
methods for determining absolute veloci- 
ties of ions, and in the hands of careful 
mvestigators the results agree very strik 
ingly As will be seen later, there are 
methods lor determming the relative 
velocities of the ions, and it will be seen 
at once if we have the absolute velocity 
of one ion accurately determined, and 
we can ascertain in other ways the rela- 
tive velocities of the remaining ions, wc 
can calculate the absolute velocities of 
them all Having learned about electro- 
lytes, dissociation, ionic velocity, etc , we 
will be m a good position to take up 
and appreciate work of a little more 
practical chaiacter in our next chapter, 
and introduce the student to the beauti- 
ful work of Faraday in electrochemical 



science Here we will study the quantitative relation of the electric 


current to electiolytes, and take up the energy relations between 


chemistry and electricity, and lay the foundation for work of a very 


practical and useful character. 



CHAPTER VI. 


FARADAY’S LAW. 

DISTINCTION BETWEEN CURSENT REQUIRED AND ENERGY ABSORBED 
EXPERIMENTS TO SHOW MECHANICAL MOVEMENT OF MATERIAL 

The idea occurred to Faraday to send a current through several 
electrol}Tes connected up in series, and to make weighed compan- 
sons of the materials sepaiated by the same current in a given lime 
In 1S83, the result of Faraday’s most important and valuable woik 
was framed into the following law by H Von Helmholtz 

“ The same quanhty of electricity passing through an electrolyte 
eithn sets jrce or iransjers to other combinations alwayS the same 
number of valencies ” 

Von Helmholtz, m his “Faiaday lecture” delivered in London, 
on April 5, 1881, laid the foundation of a new electrochemical theoiy 
which explains the facts embraced by Faraday’s law The most 
important of these facts may be stated m this sentence 

''Eveiy Single valency of an eleinentary or compound ion is 
charged with exactly the same quantity of positive or negative 
electricity, which behaves as if it were an elect teal atom that can- 
not be further divided ” 

As the woik of Faraday is of such great moment in theoretical 
and practical electrochemistry, the actual woids of Von Helm' 
holtz are given, the author beheving that the facts as learned by 
Faraday aie among the first, if not the most important, Qf all here 
recorded The words used by Von Helmholtz are these, as trans- 
lated by M M Patterson Muir 

“The same definite quantity of either positive or negative elec- 
tricity moves always with each univalent i5n, or with every unit 
of affinity of a multivalent wn, and accompanies it during all its 
motions through the interior of the electrolytic fiuid 

80 
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“ Thi!> quantity we may call the electric charqe 0} the atom 

“If we accept the hypothesis that the elementary substances are 
composed of atoms, we cannot avoid concluding that electricity also, 
positive as well as negative, is divided into definite elementary por- 
iions, which behave like atoms of electiicity .4s long at it moves 
about in the elecholytic fluid, each ion remains united with its 
electric equivalent 01 equivalents 

“At the surface of the electrodes decomposition can take place 
if there is a sufficient electromotive force, and then the tons give 
off their elect) ic charges and become electrically neutral ” 

From this work the valuable table of electrochemical equivalents 
was compiled, which is of the utmost importance in all practical 
electrochemical work The definition of an electrochemical equiva- 
lent being capable of expression in scveial ways, » it should be care- 
fully studied and appreciated If the quantities of all ions which 
stand to one another in the relations of their combining weights 
carry equal quantities of electiicity, it will at once be appieciated 
that It is of great scientific importance to know the exact amount 
of electricity which a unit quantity of ions will carry This can be 
determined by passing a given quantity of electricity through a 
solution of an electrolyte and weighing the amount of metal de- 
posited upon the cathode, or measunng the amount of gas liberated 
and calculating its weight from its volume This has been done 
very carefully by Lord Rayleigh and Mrs Sedgewick, who found 
that one coulomb of electncity deposits i 1179 milligrams of 
silvei W and F Kohlraiisch, working with equal caie, found 
undei the same conditions 1 1183 milligrams The mean of 
tlicse figiues is 1 1181 milligianis A moie recent deteimina- 
tion of the electrochemical cquualent of silver by Richards, Col- 
hiis, and Flcimiod gives r 1172 milligiams of silver as equiva- 
lent to one coulomb A still more recent dctermmation by Pat- 
terson and Guthe gives the shghtly largei value, of i 1192 milli- 
grams as equivalent to one coulomb This agiees with the mean 
lesult obtained by PeUat and Poitier, and is very close to the 
number obtained by Kahle, i 1193 The mass of the ions taken is 
purely arbitrary Here, as in so many other cases, it is convenient 
to use the gram-molecular weight for umvalent and the gram- 
equivalent weight for polyvalent 10ns For all practical purposes 
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tKe electrochemical equivalent of silvei, which is usually leferred 
to as a standard for determining the other values foi the other ele- 
ments, IS set down as the fiaction of a gr^m as equivalent to one 
coulomb, thus 00011193 giam The atomic weight of silver in 
terms of oxygen = 16 is 107 93 In order to separate a gram-' 
atomic weight of silver it wdl require, using W and F Kohlrausch’s 
mean of 0011181, 

o oom^i^Si T =9^,530 of electncity 

This number of coulombs, 96,530, as will be seen, will separate 
the gram-atomic weight of any univalent body, and is sometimes 
called the electrochemical equivalent of electncity The fact may 
be stated thus 

One chemical equivalent of any electrolyte expressed in grams re- 
quites the passage of 96,530 coulombs for its liberation or electrolysis, 
96,530 coulombs, therefore, are capable of liberating the chemical 
equivalent of any electrolyte 

This IS an exceedingly important constant foi us to icmember 
m our piactical work This nmnber vanes in value a tiifle accord- 
mg to different investigators, and will be encountered as 96,540, 
etc In the table opposite the chemical equivalents of some of 
the most important elements are given The student must not 
confound a chemical equivalent with an electiochemical equivalent 
These teims must be clearly separated in his mind 01 else he wall 
be continually getting into confusion A chemical equivalent is 
simply the atomic weight of a substance divided by its valence The 
atomic weight of oxygen being 16, and its valence 2, the chemical 
equivalent of oxygen would be 8 Oxygen = 16 Chemical equiva- 
lent 16 — 2=8 

In the table on page 84 the electrochemical equivalents of some 
of the most important elements aie given By dividing the atomic 
weight in the second column by the valence in the thud column, 
the chemical equivalent given m the fourth column is obtained, 
and this number multiplied by the electiochemical equivalent of 
hydrogen m micrograms per coulomb gives the electrochemical 
equivalent of the ion m the fifth column, also in micrograms per 
coulomb The numbeis m the sixth column are the reciprocals of 
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CHEMICAL EQUIVALENTS OF CERTAIN ELEMENTS 


Element 

A W 1 

c r 

Element 

A W 

c n 

Al’" 

X^ I 

9 03 

pb" 

206 0 


3 valence 

2 valence 

3 45 

Ba" 

II 7 4 

67 8 

Li 

7 03 

7 03 

Br 

79 96 

79 96 

Mg" 

24 36 

12 iS 

Ccl" 


56 2 

Mn" 

55 

27 5 

Ca" 

40 1 

20 05 

Hg 

3 

203 3 

Cl 


35 45 

Hg" 

203 3 

100 15 

Cr" 

SIL 


N'" 

14 01 

4 67 





3 

Cu 

63 6 

63 6 

Ni" 

5 ^ 

29 35 

Cu" 

63 6 

31 8 

0 " 


8 00 

F 

19 

19 00 

K 

39 15 

39 IS 

Au 

197 2 

3 

65 73 

Ag 

i°7 93 

107 93 

H 

r 008 

I 008 

Na 


23 05 

I 

126 81; 

126 85 

Sn"" 

119 

26 7 S 


I 





Fe" 

15 _? 

27 gs 

Sr" 

87 6 

43 S 

Fe'" 

IS 9 

18 63 

Zn" 

65 4 

32 7 1 


3 






those in the fifth given in grains The electrochem cal equiva- 
lents of compound 10ns, such, for example, as the univalent ladical 
hydioxile OH and the bivalent radical SO4, aie similarly obtamed, 
the chemical equivalent of such a radical bemg the sum of its com- 
p nent atomic masses div ded by its valence 

This table brings out the beautiful tru h of Faraday’s law, and 
forcibly mdicates the grgat value of the facts he was able to point 
out as a result of his famous mvestigations Let us experimentally 
test Faraday’s law in the laboratory and put down our results For 
this purpose we wdl set up a piece of apparatus with five different 
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electiolytcs in series and weigh the cathode products libeiated by 
the same curient-flow 


TABLE SHOWING RELATIVE WEIGHTS OF BODIES LIBERATED BY 
A COMMON ELECTRIC CURRENT 



' EXPERIMENTAL DEMONSTRATION OF TARADAY’S LAW 

Referring to Fig 39, we have at the left a Hotfmann apparatus, 
A, foi the electrolysis of solutions yielding gaseous products at the 
electrodes The gases hbe ated es ape into the two tubes and 
press the solution up into the reservoir by the central tube By 
opening the stopcocks at the tops of the two side tubes containing 
the gases, the weight of the solution in the reservoir will force the 
gases out, when they may be collected in a most convenient man- 
ner Hydrogen, foi example, may be burned as a jet, aftei electro- 
lyzmg a dilute solution of sulphuric acid, or as we learned in the 
hist chapter, by electrolyzing a solution of potassium or sodium 
hydroxide Oxygen and hydiogcn will be liberated m such a piece 
of appaiatus in the ratio of two volumes of hydrogen to one volume 
of oxygen whether we use dilute ulphuric acid, or a sodium, or 
potassium-hydroxide solution Foi the present demonstration of 
the law of Faraday, wc will fill the Hoffmann apparatus with a 
ddute solution of sulphuric acid m distilled water m the propor- 
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tion of about i to lo In the cell B we will place a concent! ated 
neutral solution of silver nitiate in distilled water In the cell C 
we will place a solution of cuprous chloride, which may be made by 
dissolving a few grams of the salt in hydrochloric acid after 
having washed it carefully on a filter paper with warm distilled 
water In the cell D we will place an electrolyte consisting of cop- 
per sulphate slightly acidulated with nitric acid In the cell E 
we will use a solution of stannic cliloride, best prepared in the fol- 



Fio 39 — Simple Apparatus for Expenmentall> Demonstrating Faradai’s Law 
A, Hoffmann apparatus, B, C, D, and E, cells containing electrolytes and elec- 
trodes, F, delicate ammeter 

lowing manner Take of stannous-chloride crystals 1000 grams, 
hydrochloric acid, specific gravity i 125, 1170 cubic centimeters, 
nitric acid, specific gravity i 220, 435 cubic centimeters, and dis- 
tilled water 1000 cubic centimeters Put the stannous chloride into 
a i2-mch evaporatmg-dish and add the 1170 cubic centimeters 
of hydrochloric acid, warm on the steam-bath and stii until the 
salt is dissolved, then dilute with one liter of hot watei If the 
solution docs not remain clear, there is a deficiency of hydrochloric 
acid, m which case add very concentrated hydroeWone acid, a 
few drops at u time, until the solution becomes clear Add the 
nitnc acid, a few cubic .centmieteis at a time, to the waim solu 
tion, stirring well after each addition After a considerable part of 
the nitric acid has been added, test a few drops of the solution with 
a drop of mercuric-chloride solution If a while precipitate falls, 
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stannous chloride is piesent, and more nitric acid is needed Whon 
no white precipitate falls, the oxidation is complete, and no more 
nitric acid should be added Put the liquid product mto a tightly 
stoppered bottle The cathodes of all the cells are to be of 
platinum, but we must have a silver anode m the sdver-mtrate 
solution and coppei anodes in both of the copper solutions The 
anode in the tin solution may be of platmum It is needless 
to say that both of the electrodes in the Hoffmann apparatus are 
of platinum These five electrolytes are now all connected in senes 
with a delicate ammeter, as shown, and the termmal wires lun to 
a storage-battery or such a motor-generator as described in the 
first chapter The electiolysis may be allowed to proceed foi any 
length of time within the capacity of the Hoffmann appaiatus 
The longer the lun the bettei, the errors m weighing a decided 
mcreasc m the respective cathodes being less than in weighing a 
slight increase In this system we will have hydrogen liberated, 
the monovalent element silver, the monovalent copper, the divalent 
copper, and the tetravalent tm If the experiment has been 
conducted without eiror and losses, we will have foi each gram of 
hydiogen liberated 107 93 grams of silver, 63 6 giams of copper 
m our monovalent copper electrolyte, 31 8 grams of copper in our 
divalent copper solution, and 26 75 gramms of tm from the tin 
solution The following table shows the result of a carefully con- 
ducted expciiment with the five electrolytes described above 

to 3g Ag' 63 sg CV 31 4Sg Cu" .8 .gg Sn'- 

Atomic weight 107 93 63 6 63 6 119 00 

Here we can sec that the monovalent elements separate m pro- 
poition to then atomic masses, the divalent elements in propoi- 
tion to their atomic masses divided by two, the tetravalent element 
m proportion to its atomic mass divided by four The beauty of 
this law is very sti iking, and it may be said that Faraday’s law 
knows no exceptions There can be no electrolytic conduction 
without the corresponding setting fiee of substances in the ratios of 
then chemical equivalents As we shall* see presently, we have 
ample proof of moving particles, or an actual mechanical transfer 
of matter when an electric current is passed through an electrolyte. 
In view of the mechanical transfer of matter, experiments were con- 
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ducted upon electrolytes under heavy pressuie to learn if Faraday’s 
law held true under such conditions At first it was noted that 
the electrical conductivity was -increased In other woids, more cui- 
rent passed through the electrolyte than was accounted for by weighing 
the cathodes As a matter of fact the method of conducting the 
experiment was faulty The pressure was put upon the electrolyte 
by air, some of which was of course forced into solution, and lonizmg 
carried a portion 0} the electric current Professors Neinst and Ostwald, 
in Germany, tested Faraday’s law most critically by electrolyzing 
solutions with exceedingly feeble currents to see if any electricity at 
all was conducted without corresponding quantitative decomposition 
of the electrolyte In one expenment upon dilute sulphuric acid 
they caused an exceedingly small amount of electricity to pass — only 
0000005 coulomb They determmed the minute quantity of gas 
set free and found that Faiaday’s law held even for such a small 
electric current In the large commeicial electiolytic copper refiner- 
ies the law has been tested upon enormous scales by the passage of 
millions of coulombs and found to hold absolutely The law of 
Faraday in the light of the many attacks and investigations upon it 
seems to be one of the very few in chemical and physical science which 
have stood throughout without suffering exception of any kmd 
We have now learned that chemical equivalent quantities of all ions 
have the same capacity for electricity It is a striking and interesting 
fact to note that this is analogous to the law of Dulong and Petit, 
which states that all atoms have the same capacity for heat If we 
multiply the atomic weights of the elements by their specific heats we 
obtain almost a constant, which numbei we term atomic heat The 
following table contaming a few elements foi the purpose of illustra- 
tion is of interest hei e 


Element 

A 

Atomic 

Weight 


A XS 
Atomic 

Heat 

Potassium 


166 

6 1 

Calcium 


170 

6 S 

Manganese 

5S 


6 7 

Tin 

I18 

054 

6 s 

Gold 

197 

032 

6 3 

Mercury * 


032 

6 4 



031 

6 4 

Bismuth 


030 

6 3 

Sliver 

108 

056 

6 0 
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To this law there are some exceptions, but in the majority of 
cases we have practically a constant 

VOLTAMETERS 

METAL AND GAS TYPE THE SILVER VOLTAMETER 
fThe most accurate instrument for measuimg cuirent-flow is 
without question the silver voltameter, and is at the same tune the 
most easily constructed 

Fig 40 will make the arrangement clear Two comparatively 
heai7 plates of pure silver are joined together to make one electrode, 
between which a thin silver sheet forming the other clectiode is 
suspended In the silver voltameter the very high equivalent of 



Fig 40 — Construction of Silver Voltameter for the Measurement of Current flow in 
Coulombs A, top view looking down into cell, B, end new, C, side view 

Silver, and consequently the great mass isolated upon the cathode by 
comparatively feeble currents, reduce the errors in weighmg to a 
minimum There is one disadiantage m the use of the silver voltam- 
eter, however, and this is due to the fact that silver tends to precipi- 
tate out upon the cathode m crystalline fonn, and if the electrolyzing 
current is strong, some of the crystals form so quickly that they will 
drop oft and introduce errors from this cause The electrolyte foi 
tins mstrument is of a concentrated neutral silver-nitrattf solution 
With such an mstrument a current of one ampere deposits upon the 
thm silver cathode 

o 0011181 gram silver per seqond, 
or o 067086 gram silver per minute, 

or 4025160 grams silver per hour 
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With such an instrument in senes with an electric current, by 
determining the weight of the cathode before and after the run we 
aie in a position to calculate the numbei of coulombs that have 
passed through the system If we had an absolutely steady current 
v e could get at the same thing by putting a correct ammeter in senes 
and multiplying the amperes indicated by the number of seconds 
durmg which the current passed and get the coulombs used If the 
strength of the current varied, however, this plan would be wortliless 
With voltameters of either the metal or gas type the cuirent may 
vary, flowing at very different rates in a given time, but the increase 
m weight of the cathode will give the true number of coulombs 
regardless of such fluctuations 

THE COPPER VOLTAMETER 

Here we have a smiilar construction, only with plates of pure 
copper instead of silver onps The electrolyte consists of a solu- 
tion of 30 grams of crystallized chcpiically pure copper sulphate 
dissolved -in 200 grams of distilled water, to which 5 grams of 
chemically pure concentrated sulphuric acid is added and 5 cubic 
centuneters of ethyl alcohol Such an instrument is inexpensive and 
IS adapted to the most general requirements The copper voltameter 
can be left in circuit with work tlirough great lengths of tune without 
fear of losing any copper by falling from the cathode The copper 
will be deposited upon the cathode as a beautiful, salmon-puik 
metal Such an instrument wiU answer every purpose as an ampere- 
houi meter for heavy woik if the plates arc made generous enough 
m area Witli this voltameter a current of one ampere deposits 
upon the thin copper cathode 

o 00033 gram of copper per second, 
or o 01980 gram of copper per imnute, 

or “ I 18800 giams of copper per houi 

This will be found the most satisfactory instrument for general 
work and every student in practical electrochemistry should set one 
up for his current measurements With very small currents, how 
ever, there is apt to be a shght error introduced with the use of the 
copper voltameter because of some cuprous oxide being deposited 
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along With the copper If we have at least o i of an ampere 
following thiough the instrument, and its cathode area is at least 
loo square centimeters, tliere will be no rtrouble from this cause, 
especially when the electrolyte contains the sulphuric acid and 
alcohol as given m the above formula 

THE GAS-VOLTAMETER 

In this mstrument either dilute sulphuric acid or a solution of 
potassium or sodium hydroxide may be used and the mixed oxygen 
and hydrogen gases determined by volume Dilute sulphuric acid 
is perhaps tire best for the purpose, and should be mixed in the 
proportion of one part of strong sulphuric acid to ten or twelve 
parts of distilled water The acidulated water is decomposed 
between two platinum plates and gas collected and reduced to o° 
and 760 millimeters by the well-loiown formula for reducing 
gases to a standard for comparison This t)q)e of voltameter, 
as illustrated m Fig 41, is veiy donvement because it does 



Fig 41 — Approved Form of Gas Voltameter for the Measurement of Current-flow 
in Coulombs The student must not confound the word voltameter with the 
word voltmeter 

away with all weighmgs The volume can be read, and by means 
of tables, when the temperature has been taken, the gas volume 
can be quickly reduced to a standard This instiument is not 
quite as accurate as the copper voltameter, and, moreover, requires 
about two volts of electncal pressure to drive a current through 
it If we are usmg a storage-battery or the motor-generator we 
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must take mto consideration the two volts required by such a volt- 
ameter in makmg any calculations To use the voltameter the water 
m the vertical measuring-tube should fiist be saturated with oxy- 
^ hydrogen gas, by allowing it to fill about half fuU, and then discon- 
necting and shaking, with the thumb or a stopper closmg the end of 
the tube With this type of mstrument an ampere flowmg hberates 
o 1740 cc of oxyhydrogen gas per second, 
or 10 4400 cc of oxyhydrogen gas per minute, 

or 626 4000 cc of oxyhydrogen gas per hour 

The above volumes are at 0° and 760 millimeters pressure The 
vertical tube for collecting the gas is best graduated diiect into cubic 
centimeters, reading to tenths Such a gas-voltameter must be 
ordered from one of the chemical supply houses unless the student 
IS an expert glass-blower, but one answering every requirement can 
be quickly made in the laboratory without the art of glass-blowing, 
as illustrated at A m Fig 42 Here we have a glass cyhnder fitted 



Fig 42 — Gas-\oltameter and Large Collecting-jar in Seneb with Three Electrolytic 
Cells equipped With Voltmeters A, easily constructed gas-voltameter, B, col- 
lectiiig-jar, C, D, and E, electrolytic cells With voltmeters for detennimng the 
electrical energy expended in each electrolyte 

with a tight stopper (the whole success of the apparatus depends 
upon its bemg tight), containing two concentnc platmum cyhnders, 
one formmg the anode and the other the cathode The large bell 
jar, B, allows of a long run before it is necessary to stop and measure 
the gas volume The bell jar may be graduated and its readings 
taken for rough work, but for close work the gas must be transferred 
to a more delicate graduate and reduced to standard conditions 
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Now we have just learned that the same current will deposit 
upon the cathodes of elcctroljdic cells in senes chemical equivalents 
of the elements as well as chemical equivalents of compound ions 
Chemical equivalents of all bodies are therefore liberated or deposited 
by the same current Is the absorption 0} energy the same m these 
diffeient cases ? It is not, and the experiment illustrated in Fig 42 
has been designed by the writer to bung out this most impoitant 
point Let us place thiee different electrolytes in the cells C, D, and 
E, and connect across the electrodes in each case a delicate voltmeter 
to indicate the fall of potential m each cell Although the coulombs 
passed will of course be equal in each cell, because they are in series, 
and the metals will be deposited in the ratio of their chemical equiva- 
lents, the number of joules expended in each cell will be different 
Those who have studied electricity will know that the joule is the 
unit of electrical enetgy, and is the product of the ampere by the 
second, by the volt As a coulomb is the product of an ampere 
by a second, we may say that the joule is the product of a coulomb 
by a volt It is not the intention of the author to go into thq. reason 
for unequal absorptions of energy m different electrolytes until the 
next chapter, when the matter wffl be fully dealt with It is, however, 
the wish of the writer to impress upon the student that there u a 
difference, and that its explanation, as will be learned latei, is in 
accordance with the doctrine of conservation of energy, and a point 
of great beauty ui electrochemistry With an arrangement of appara- 
tus as mdicated m Fig 42, therefore, we would be able to calculate 
by means of the gas-voltameter m senes, the number of coulombs 
which have passed through the system, and by the respective readings 
of the voltmeters across the electrodes of the respective ccUs we 
would be able to determine the amount of energy absorbed in each 
So much upon tins point for the present It was stated that we 
should have mtroduced in connection with Faraday’s law, experi- 
mental evidence provmg that the passage of an electric current 
through an electrolyte was accompanied by an actual mechanical 
transfer of matter A very simple and a very beautiful experiment 
may be quickly peiformed which goes to show the transport of 
ponderable material Arrange a large U tube, as illustrated m 
Fig 43, with stoppers and platmum electrodes Through one 
stopper bore a small hole to receive a bent glass tube as shown 
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Prepare a concentrated solution of zinc chloride in distilled water to 
serve as the electrolyte Arrange the tube in series with the lamp- 
bank and electric-lightfiig ciicuit as desciibed m Chapter I, and 
throw in one or two lamps The zme will immediately begin to 
grow m the form of a beautiful metallic tree and chlorine may be de- 
tected issuing from the bent glass tube over the opposite pole There 
IS optical evidence that we have an accumulation 
of metal at the cathode, and evidence of an 
equally strikmg nature that we have chloime at 
the anode In the drawing, the bleaching action 
IS shown upon a piece of calico What is taking 
place at the bend in the bottom of the tube, 
however ? Have wc mechanical movement there ^ 

We have been led to believe that we have 
cliloime ions moving in one diiection and zinc 
ions niovmg in the other Is it true, and is there 
any experiment to piove it? The author has 
designed three to furnish evidence in support 
of this, and they are here published for the 
first time in book form The first of the three 
experiments is illustrated m Fig 44 Although 
glass is always stated to be the best elec- 
trical insulator known, it occurred to the 
writer that its constituents could carry the 
electric current if the 10ns weie only free to migrate In other 
words, glass was regarded by the writer as being a "iohd elec- 
trolyte Ordinary glass, as is well known to the general chemist) 
consists of silicon dioxide fused with calcium and sodium carbonate 
Ordmary glass is therefore a soda lime, silicon-dioxide glass Bohe- 
mian glass IS made with potassium carbonate, and fimt glass is made 
by meltmg together lead oxide, potassium carbonate, and silicon 
dioxider, while strass is a species of glass veiy rich in lead We have, 
as may be seen, all the 10ns necessary to carry electric currents if they 
were only free to move about To test this pomt little rods of solid 
glass of the different varieties were softened and platinum wires 
run into the ends to a distance of about a centimeter The rods 
were cut about 3 centimeters long, so there was m each case an "msu- 
latmg gap” of about a centimeter between the ends of the platinum 



Mechanical Trans- 
port o£ Matter 


Fig 43 — Electrol- 
jsis of a Solution of 
Chloride of Zinc, 
showing the rapid 
growth of T. "zinc- 
tree" and the hhera- 
tion of chlorine as 
indicated by its 
bleaching action 
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Wires A glance at tlie figure shows such a glass rod with the plati- 
num wires at 5 A delicate miUiammeter is jomed m senes with the 
platinum wires and our lamp-bank (not shown in the illustration), 
and of course no deflection is shown upon the indicating mstrument 
because glass is an msulator when cold Now bimg a Bunsen 
burner, A, under the glass rod and heat it up gradually As the 
glass begms to soften and flow, Ike tmlliammeter begins to show con- 
ductivity With the softening of the glass, therefore, the ions are free 
to travel This is a very pretty and convmcmg experiment when 
performed with a large-scale ammeter so that m a lecture-ioom an 
entire class may see the deflection of the needle It is of interest 



Fig 44 — Simple and Easily Performed Experiment to Show Mechamcal Transfer 
of Matter through SoUd Glass A, Bunsen burner, B, solid rod of glass, C, 
milhammeter to show conduction of the electnc current 

at this time to pomt out the fact that all electrolytes when m solution 
m water conduct better when heated up This is just the reverse 
with metals and alloys 

EXPEEIMENTS WITH FROZEN ELECTROLYTES 
What Will be the effect upon the movement of ions on freezing an 
electrolyte? This question presented itself to the writer, and not 
commg acioss records of any experiments with frozen electiolytes, 
01 any theoretical discussion of the same, it was decided to mvestigate 
the matter experimentally Accordmg to our'iomc migration, or 
convection theory of electiicity through substances m solution, the 
conductivity of an electrolyte should cease or approach zero value 
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when frozen When the medium containing the ions is frozen 
solid will the conductivity actually cease? Will the ions move fieely 
through as before, or cAa they be forced through at diminished 
velocity? The writer has made numerous experiments upon the 
physical properties of ice, and has found it to be viscous-like in 
behavior This property has also been demonstrated by Profes- 
sors TyndaU and Agassiz upon a tremendous scale in their studies 
of the Swiss glaciers Ice can be bent, twisted, and pressed 
mto molds, and be made to flow under pressure like seini-niolten 
glass The ions m a frozen electrolyte, therefore, should be m a 
measure fiee to move slowly when subjected to an electric current 
Let us look mto the facts of actual experiments Fig 45 shows a 



Fig 45 — ^Experiment with Frozen Electrolytes The“V” tube at the left of the 
drawing contains the solution to be frozen and is immersed in a beaker contain 
ing the freezing-mixture Indicating galvanometer m the center, storage-batterv 
at right Three cells of battery at least are necessary in this experiment or else 
the lamp-bank shown in Chapter I 

Simple arrangement for experimenting with frozen electrolytes 
The following experuncntal work embraced the freezing of a dozen 
or more solutions, mcludmg NaCl, KCl, HCl, H2SO4, K2Cr207, 
KI, etc^ and in every instance, with an ordinary ammeter m series, 
the current appeared to he completely stopped when the solvent con- 
taining the 10ns was solidified The temperature m each case was 
well below the freezing-point, the solutions frozen being veiy dilute 
not only for the sake’of complete dissociation of the salts, but foi the 
comparative ease with which they could be frozen The freezing- 
mixtures consisted of pounded ice and salt and also the well-known 
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mixture of sodium sulphate 6 parts, ammonium nitrate 5 paits, 
dilute nitric acid 5 parts The lowest temperature attained by 
the use of this mixture was —30° C , which* was more than ample to 
freeze any of the above dilute solutions The plan of conducting 
an experiment which is suitable for a lecture-room experiment is 
shown in the illustration and consists of a V tube of glass fitted 
with stoppers and platinum electrodes, which may be immersed in 
the beaker contaming the freezing-mixture A large upright galva- 
nometer IS shown in the center and a cell of storage battery at the 
right One cell of battery is rarely sufficient for electiolysis, as 
will be learned in the next chapter when we discuss the energy 
required for the electrolysis of various compounds, and at least 
three should be used here Our lamp-bank is well suited for 
this experiment As the electrolyte freezes the pointer of the 
ammeter or galvanometer comes to zero and upon thawing again 
tiavcls over the scale Thus we get no deflection with an ordi- 
nary ammeter or galvanometer upon freezing a solvent con- 
tammg ions, even when the lamp-bank is used, and wc have^a differ- 
ence of potential of no volts between the terminals of the system 
One might be misled in stating that we had a non-conductor jUst as 
one IS accustomed to speak of glass On gouig a step fuither, however, 
and substituting an exceedingly delicate galvanometer or milliammeter 
a good defleebon through the frozen electrolyte is at once obtained 
Of course it is necessary to predetermine the fieezing-points of the 
solutions to be expenmented upon and to be sure the tempeiature 
IS well below that required to insure the absence of any liquid elec- 
trolyte The slight conductivity can only be explamed on account 
of the viscous-hke behavior of ice If ice became a perfect solid it 
would undoubtedly become a perfect non-conductor The con- 
ductivities of crystals of copper sulphate, non sulphate, etc , were 
tried and proved to be non-conductors with the most delicate instru- 
ments, unless fused, when they of course conducted as u?,ual A 
crystal is a true sohd It proves to be a true non-conductor The 
passage of an electric current through chemical bodies, therefore, 
must be accompanied by the mechamcal njovement of matter 
The third experiment to furnish evidence m support of ion transport 
is dependent upon heat convection as well as electrical convection 
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HEAT CONVECTION IN ELECTROLYTIC CONDUCTION 

The apparatus illustrated m Fig 46 was designed for the purpose 
of indicating the movement of ponderable material of which 10ns 
are composed, through the agency of the heat which they may be 
made to carry It was reasoned that if we actually had ponderable 
material moving through an electrolyte, this material could be made 
to convey heat as well as electricity, and by the proper design of an 
apparatus tlie method could be employed for determining the absolute 



Fig 46 — Apparatus, to Show Heat Convection in ElectrolyUc Conduction A and S 
are calomnctcrs made from muff boxes lined with heavy bair-felt Beckmann 
thermometers dip into “T” connections in the glass tube contaimng the elec- 
trolyte 

velocities of 10ns, although in a rough way, because of sources of 
error difficult to overcome At the left in the illustration is the anode 
calorimeter. A, contaming a T jomt receiving the bulb of a delicate 
thermometer About this T jomt is wound a little coil of platminn 
wire for tire purpose of hcatmg the contained electrolyte This 
coil IS attached to stout copper wires terminating in binding-sleeves 
outside the calorimetei, which is a pasteboard mu2 box lined with 
hair-felt In the cathode calonmcter F is a similar T tube and 
thermometer, but without the heatmg-coil The electrolyte m one 
experiment consisted of dilute sulphuric acid m the proportion of 
20 cubic centimeters of concentrated sulphuric acid to 100 cubic 
centimeters of distilled water The thermometers employed read 
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from 0° to ioo° C in o i° divisions The platinum coil was con-, 
nected to the no- volt lighting wires through a finely graduated 
variable lesistance, allowing of a very close control of current and 
heating effect The following is an account of an experiment con- 
ducted with the electrolyte referred to 

The anode caloiimetei was placed upon a higher level than the 
cathode calorimetei for the purpose of preventing simple convection 
currents due to the expansion of tlie water molecules within the glass 
T sui rounded by the heating coil travehng by displacement The 
experiment was staited by allowing o i ampere to flow through 
the apparatus, with a potential gradient of i volt per centimetei 
This cunent was allowed to flow for thiee hours, when the mercury 
in the two tliermometcrs appeared to reach a maximum leadmg 
It should be stated, however, that m a special expeiiment con- 
ducted purely to note a special phenomenon the thermometers 
continued to show a rise in temperature, although at an ex- 
ceedingly low rate, even after three hours, it being found that 
nine and one-half hours were really required before ,a perfect 
balance between the heat-energy supply and the heat-energy ladia- 
tion loss through the calorimeters was reached The rate of rise 
of temperature as indicated by the theimometers at the end of 
three hours, however, was so low as to allow of an experimental 
determination of the velocity of lomc travel To determme the 
velocity of hydrogen ions, therefore, it is only necessary to replace 
the ordinary thermometer in the cathode calorimeter by an open-scale 
Beckmann thermometer of the most sensitive type, carefully adjusted 
to the temperature of the electrolyte into which it is to dip, which of 
course may be done from the readmg on the ordinary thermometer 
The apparatus is then allowed to stand for an additional hour for 
the new thcimometer to reach a perfect equilibrium, when the cur- 
rent IS admitted to the platinum heatmg-coil, the tune bemg noted at 
the moment of closmg the circuit In another separate hid special 
experiment the electrolyte in the T tube m the anode calohmeter 
A was kept at 90° C for three hours without affecting the thermom- 
eter m the cathode T tube but o 2° C , and this was due to conduction 
through the glass, and possibly a little convection m spite of the 
more elevated anode calonmeter Water conducts itself, to a shght 
extent, so this error must be learned and applied as a correction It 
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Will be seen that this glass tube is inclosed within a second glass tube 
with an air-spacc aiound it, and the whole thing is in turn inclosed 
m a jacket of haii-fell With the cxpcnment under way as described 
it only remained to watch foi the first mdication of a maiked rise 
upon the Beckmann thermometer in the cathode calonmeter The 
distance between the two thermometer-bulbs was 8o centimeters 
The hydrogen ions apparently arrived in one experiment twenty 
minutes late according to calculations as to when they were due 
This tardiness may be attributed to the lack of sensitiveness of the 
thermometer Undoubtedly the ions anivcd on time, if the phe- 
nomenon IS really due to the heat which they carry', but it remained 
for an accumulative action to take place before there was heat 
enough to affect the large mass of mercury in the thermometer A 
thermopile and galvanometer would have acted quicker So much 
for evidence of ion migration and mechanical inoiement We are 
now in a position to take up electiochemical work of a more practical 
character and will open the next chapter with such mtroduction 
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ENERGY REQUIRED IN ELECTROLYSIS PRACTICAL FORMULA 

FOR COMPUTING ELECTROLYTIC SEPARATION OF MET- 
ALS THE ROTATING ANODE IN ELECTRO-ANALYSIS 

In the last chapter it was pointed out that whereas a given cur- 
rent flowing for a given time would separate chemical equivalents 
of electrolytes, tlie energy absorbed m electrolytes of different con- 
stitutions was not the same Now, why is it that with some elec- 
trolytes more energy is required to isolate the constituent parts 
than with others? We have learned that 96,540 coulombs wiU 
isolate the theimcal equivalent of any electrolyte, and we now learn 
that these 96,540 coulombs must be supplied at different electrical 
pressures for different electrolytes The 96,540 coulombs with- 
out an electromotive force would not flow, and it is evident that 
we must have some electromotive force in order to have electrical 
energy, for the joule which is the unit of electrical energy is the 
product of the coulombs by the volts in an electrical circuit We 
may theoretically have any amount of electrical energy we may wish 
by multiplying our 96,540 coulombs by volts or fractions of volts 
To determine why some electrolytes require more energy (a Ingher 
electrical pressure with the 96,540 coulombs) than others, we need 
but to refer to the “heats of formation” of different electrolytes, 
and the doctrine of the “conservation and correlation of eneigy ” 
By “heat of formation” of a chemical compound, we mean the 
number of caloiies hbeiated (and sometimes absorbed) when one 
gram-molecule of the substance is produced To find the heat 
of formation of a chemical compound, a gram-molecule of the 
substance is taken and its combustion in oxygen determined Ac- 
cording to the prmaple discovered by Hess, if we know the heat 
of combustion of a gram-molecule of a compound, we may de- 
termine Its heat of formation by subtractmg the heat of combus- 
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tion of the compound from the heats of combustion of the constitu- 
ent elements For example, the heat of formation of methane, 
CH4, IS deteimmed by measuring the heat of combustion of the 
compound m oxygen m a suitable calorimeter, and the heats of 
combustion of its elements m the same manner, and subtracting 
one from the othei as follows 

Heat of combustion of methane, CH4, =211,930 calories, yielding 
CO2 and 2H2O 

Heat of combustion of caibon, 0=96,960 calones, yieldmg CO2 

Heat of combustion of hydrogen, H4= 136,720 calories, yieldmg 
2H2O 

The heat of formation of a gram-molecule ot methane is 
found by subtractmg 211,930 caloiies (its heat of combustion) 
from 96,960-1-136,720 calones (the heats of combustion of its con- 
stituent paits) as given 

96,960 

136,720 

233,680 

211,930 

21,750 calories =heat of formation of CH4 

Therefore when the gram-molecule of CH4 is produced a 
definite amount of energy is liberated, and according to the doctrine 
of the conservation of energy, tlus same quantity of energy must 
be absorbed agam befoie the compound can be broken up into 
its constituent parts CH4 is not an electrol)dc, the compoimd 
was taken to serve as an lUustiation Below we have tabulated 
the heats of formation of a number of chemical compounds taken 
from the, general tables in Ostwald’s “Outlines of General Chem- 
istry ” These have been conveited into small calories 

There are of course many others given in a comprehensive table, 
including both organic and inorganic compounds, electrolytes and 
non-electrolytes, but it is beheved that the hst given includes a 
sufficient number of electrolytes to be of service in the laboratory 
With such a table of heats of formation, and the doctrine of the 
conservation and correlation of energy, taken in connection with 
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Potassium iodide 

K1 

80 


Cadmium chloride 
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Sodium hydroxide 
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NaCl 
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CuBrs 
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Cuprous iodide 
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Sodium sulphate 
Sodium hydrogen sul- 

NasSO^ 
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Cupnc nitrate 
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HgCls 
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Ca(OH)2 

49 
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PbCIs 

82,800 

Calcium hvdroude 

2T4 

900 

Lead bromide 

PbBra 
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CaO 
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Lead iodide 

Pbis 

39,800 

216,200 

Calcium chlonde 

CaClz 
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Lead sulphate 

PbSO, 

Calcium bromide 

CaBrs 

900 

Lead nitrate 

PbCNOsL 

105,500 

Calcium iodide 

Calj 
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300 

300 

Stannous chlonde 

SnCb '■ 

80,800 

Magnesium chloride 

MgCU 

217 

Stanmc chlonde 

SnCt 

127,300 

Magnesium oxide 

MgO 


900 

300 

Aunc chlonde 

AuCla 

22,800 

Magnesiumhydronde 

Mg(OH)3 

A1(0H)8 

217 

Aurous chlonde 

AuCl 

S.Soo 

Aluminium hydroxide 
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Autous bromide 

AuEr 


Alumimum chlonde 
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iSt 


Aurous iodide 

Aul 

-5,500 

Aluminium bromide 

AlBrs 
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Chloroplatimc acid 

H.PtCl„ 

163,200 

Alumimum iodide 
Ferrous cnioride 

Alls 

FeCU 



Bromoplatimc acid 

HsPtBrj 

88,400 


our important constant of 96,540 coulombs, we should be able 
to calculate the minunum \oltage or electiomotive force necessary, 
and consequently the energy required, to bleak up any chemical 
compound by electrolysis It is simply converting heat eneigy 
into electrical energy We must of course know the relation between 
the calorie and the joule, and should commit tins to memory as a 
very important figure 

I joule =000024 Calorie 
I joule =0 24000 calone 

Let us take one or two examples and work them out, develop- 
mg a practical workmg formula for future use We have already 
learned that electrolytes may be either chemical compounds in 
solution or m a state of igneous fusion As we have dealt with 
many electrolytes dissolved in water, let us consider an electrolyte 
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in a state of fusion by heat Let us first take an electrolyte con- 
sisting of monovalent constituents, and consider it theoretically 
Common salt, or sodmrii chloride, will serve our purpose, with its 
monovalent sodium linked to the monovalent chlorine In cal- 
culating the minimum voltage necessary to isolate a chemical equiva- 
lent of sodium and chlorine, and the energy necessary to efiect the 
electrolysis, we must consider the gram-molecule as the basis of 
our calculation, which m the case of sodium chloride is 58 5, since 
sodium has an atomic weight of 23, and chlorme 35 5 There- 
fore 23-1-355=585 585 grams of sodium chloiide is the 

gram-molecule of the salt Glancing at the table of “heats of 
formation ” for the value found for sodium chloride, we see it to be 
97,900 calories Wlien 23 grams of sodium combine with 35 5 
grams of chloiine, therefore, to form 58 5 giams of sodium chloude, 
97,900 units of heat are set free According to the doctiine of the 
conservation of energy, in older to decompose these 58 5 grams 
of sodium chloride, an amount of energy equal to that liberated 
at the time of formation must be expended upon it to bieak it 
up How much electiical energv, for instance, is the equivalent 
of 97,900 heat units ^ The heat unit is the calorie, and we have just 
learned that o 24 Calorie is equal to the joule 97,900 calories 
divided by o 24 therefore gives us the joules necessary to effect the 
electrolysis 

97.900 

-^-^=407,916 joules 


We have learned that the passage of 96,540 coulombs wiU set 
free the chemical equivalent of any electrolyte, and we see from the 
above exposition that 407,916 umts of electrical energy are neces- 
sary In order that the passage of 96,540 coulombs should repre- 
sent the expenditure of 407,916 joules, they must be supphed at an 
electrical voltage 01 potential of 


407,916 
96,540 ' 


=4 22 \olts 


To hberate 23 grams of sodium and 35 5 grains of chlorme, 
therefore, from 58 5 grams of sodium cliloride, we will have to 
expend 407,916 joules of electrical energy, and it will be necessary 
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to have a voltage of at least 4 22 volts before an electrical current 
can be made to pass through Let us take the case of a compound 
■with a divalent constituent, for example maghesmm chloride (MgCl2) , 
from which to theoretically and practically, if we may so speak, sep- 
arate the chlorine from the metal By refemng again to our tabic 
of formation heats, we find for the gram-molecule of magnesium 
chloride that 217,300 calories are hberated We have therefore 
217,300 

=905,415 joules 

Now we are dealing with a divalent electrolyte, and according 
to Faraday’s law it ■will require the passage of 96,540-1-96,540 cou- 
lombs to separate the constituents This gives us 
96,540 
96,540 


193,080 coulombs. 


which must be divided into 905,415 joules in older to obtain the 
mirumum voltage 


905.415 

193,080 


=4 68 volts 


It IS evident that these minimum voltages are dependent upon 
the degree of accuracy attamed in the determination of the heat of 
formation of the compound in the calorimeter, which, of course, 
IS purely a thermochemical operation It must be stated, however, 
as a matter of fact in an actual expciiment with a fused electrolyte, 
that the calculated voltages are a httle high, which is accounted 
for by the high temperatures of the fused compound At the tem- 
peratures of Igneous fusion the heats of formation have a lower 
value, apait from the fact that compounds are dissociated in the 
fused state When m a state of igneous fusion, therefore, a voltage 
of somethmg less than the calculated pressure ■will drive the elec- 
tncal current through Let us perform the experiment of electri- 
cally separating the metal magnesium from the chloride, and measure 
the electrical energy required Fig 47 shows^the equipment which 
we can use to good advantage, both as a laboratory method of pro- 
duemg the metal, and also as a briUiant lecture experiment, where 
a large mass of the metal is produced and hammered out and ignited 
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to produce the dazzling magnesium light At the left in this illus- 
tration we have the motor-generator, with the conlrolhng rheostats 



Fig 47 — Experimental Equipment for Leeture-room or Laboratory for Electrically 
Isolating Metabic Magnesium from its Chloride Motor-gcneritor with rheo- 
stats at left Copper voltameter in center, and small fusion-furnace at right 


for supplying a heavy current at low electrical piessure The 
furnace is of the small gas-fusion type, which contams an iron pot for 
the electrolyte, and which, as can be seen, is made the cathode 
The anode consists of a large rod of carbon passing thiough a tight- 
fitting cover A laige copper voltameter is depicted in the center 
for determining the number of coulombs passed, and electrical in- 
struments are connected to the leads to indicate the voltage and 
current strength For our experimental puiposes an artificial 
carnahte will best serve our purpose foi the electrolyte The com- 
position of this mmeral may be set down as follows 

KMgCls, 6H2O =KCl-hMgCl2-f 6H2O =MgCl2 34 2, 

KCl 26 9, H2O 38 9 = 100 

For our purpose we can prepare an easily-fused artificial carnahte 
by evaporating to dryness on a water-bath a solution of 
400 grams of crystallized magnesium chloride, 

1 50 grams of potassium chloride, 

60 grams of ammomum chloride 
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Tins residue may be placed in a laige salt-mouthed bottle for 
use as required For an expenmental run the iron vessel m which 
the electrolysis is to be carried on is caieffdly cleaned on the inside 
by means of sandpaper, to remove any rust and to produce a bright 
metallic surface from which the magnesium is easily separated 
This iron pot is so connected as to form the cathode, and is placed 
in the furnace and the gas hghted A small piece of charcoal is 

put in the pot to prevent oxidation as it heats up When a faint 

red glow is seen in the bottom of the iron pot, die artificial camahte 
IS slowly added, allowmg each addition to fuse and lain before the 
next portion is added The pot may in this way be nearly filled, 
when the carbon anode is placed in position through the top Now, 
as magnesium is a very light metal and often uses to the top of 

the electrolyte after being isolated, when it takes fire and is de- 

stioyed, it is necessary to piotect it For this purpose a tight-fitting 
top IS the best piecaution, fitted with asbestos plugs through which 
haid-glass tubes pass as indicated in the drawing By means of 
these tubes a gas can be passed which displaces the oxygen present, 
and prevents the combustion of the magnesium The present 
writei has connected these glass intake-tubes direct to the city light- 
mg gas-supply with much success, allowing the coal-gas and chlorine 
to be led away to a hood • In this way we have the magnesium 
completely protected from possibilities of combustion, since coal-gas 
being a mixture of hydrocarbons, etc , does not support combus- 
tion For an experiment, therefore, die top is placed in position 
after the chlorides have fused to a clear, transparent liquid, and 
coal-gas IS passed thiough the space over the electrolyte when 
the electrical current is started The magnesium separates 
smoothly, and may be ladled out and cast mto molds, care being 
taken to allow the electrolyte to cool down considerably before' 
exposing It to the air, as it is very hkely at lugh temperature to take 
fire and bum with its characteristic dazzling light Of course, for 
a full efficiency determination of such a process an accurate gas- 
meter, with the necessary observations for gas temperature and 
atmospheric pressure, should go in with the burner For a com- 
plete physical and electrical study of the isolation of magnesium, 
the heat value of the fuel-gas per cubic foot should be determmed 
by means of a suitable calorimeter There are several calorimeters 
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especially designed for determining the heating value of gaseous 
fuels With our copper voltameter and rehable voltmeter we will 
be in possession of the essential data for interesting figuies taken 
in connection with tlie weight of metal produced This evpeii- 
nient is capable of going still further, using the liberated chlorme, 
foi example, to prepare chloride of lime For this puipose we 
should prepare a lead box with lead shelves, upon which we can 
lay out a quantity of moist slaked lime The temperature is not 
allowed to rise above 25°, which is controlled by dilutmg the clilonne 
passing into the cliambei witli air The constitution of chloride 
of lime IS not known with certamty, but the action between the 
chlorine and the moist slaked lime may be repiesented as follows 

Ca(OH) 2 + CI2 = CaCl(OCl) + H2O 

Thus a very pretty by-product may be obtained at the time of iso- 
lating the metallic magnesium 

Let us take a case of a non-igneous elcctiolyte, and calculate 
the minimum voltage required We are almost unlimited in a 
selection of these cases, and for this reason a novel case of electrol- 
ysis as conducted by the author, to show that sulphuric acid con- 
sists of hydrogen, oxygen, and sulphur, may be of special interest 
This is an interesting lecture expeiiment for both beginners in general 
chemistry and for those advanced in physical chemistiy as well 
We all know that dilute sulphuiic acid electroly7cs into hydrogen 
and oxygen gases, and that these gases are liberated in the propor- 
tion of two \olumes of hydrogen to one volume of oxygen The 
writer has conducted numerous experiments with concentiated 
sulphuric acid, and by the propel adjustment of concentration, 
current density, temperature, etc , has been able to electrolyze the 
acid into hydrogen, oxygen, ozone, and free sulphur, and at ele- 
vated temperatures into hydrogen, oxygen, sulphur trioxide, and 
ozone Fig 48 illustrates the apparatus for conducting such elec- 
trolysis At the left we have a bell jar covering the beaker con- 
tainmg the strongest, chemically-puie sulphuric acid over a dehy- 
drating agent, such as calcium chlondc A thermometer is fitted 
through the stopper as shown, and the electneal equipment includes 
electrical mstruments for observing the energy conditions The 
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motor-generator is sliown at the extieme right with the controllmg 
rheostats, although the lamp-bank serves equally well, if not better, 



Fig 48 — Apparatus for the Elcctroljsis of Concentrated Sulphuric Acid to obtain as 
Electrode Products Hydrogen, Oxygen Ozone, and Free Sulphur -which may be 
Exhibited upon the Anode and be Burned Therefore, sulphuric aad niav be 
directly broken doun into its elements ' 

for this paiticular experiment Upon passing a sufficiently heavy 
current through the concentrated acid we get free sulphur, together 
with ozone, oxygen, and hydrogen, as indicated in the accom- 
panying equation 

H2SO4 =H2 + O -f O3 -!- S 

The sulphur deposits upon the anode and may be burned with its 
characteristic blue flame before a class to show its presence The 
ozone may be detected by moistening a piece of filter-paper ra starch 
and potassium iodide preparation, and holdmg it near the anode 
durmg electrolysis The hydrogen may be collected and burned 
The minimum voltage for conductmg such an experiment may 
be calculated by means of our formula to a fair degree of 'precision 
As we are now m a position to follow theoretically as well as practi- 
cally an electrochemical process, the writei mtroduces what he 
believes to be the “mechanism” of this parljcular electrolysis In 
all our practical work we must endeavor to account theoretically 
for the phenomena mvolved m practice, for it is the man with the 
insight mto both theory and practice who makes the best mvest- 
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tigalor Having calculated the imnimum voltage and eneigy le- 
quiicd, and conducted an actual electiolysis, we should certainly 
endeavor to express that which takes place in concise and scientific 
manner In the almost classic case of sulphuric acid and water, 
the acid is believed to dissociate mto the 10ns 
+ + 

H3 and SO4 

The SO4, instead of being set free, decomposes the watei present, 
as indicated as follows, taking up the two atoms of hydrogen present, 
to form sulphuric acid and hberatmg oxygen As the result of certain 
research work upon the concentrated acid, it is believed to dissociate 
into the ions H and HSO 4 


CtUhoitt 



Now, accordmg to recent research upon the conductivity of 
pure water, water itself is found to bo slightly dissociated (about 

— + 

one molecule in a million bemg broken down thus H OH) and 
takmg this fact into account, we may have upon this basis the libera- 
tion of two volumes of hydiogen and one volume of oxygen equally 
well accounted foi in diagram 




Now let us write the structural formula of sulphuric acid, and 
endeavor to represent ^he “mechanism” of electrolysis when we 
obtam hydrogen, oxygen, ozone, and free sulphur 

H-0-e=0 

H - 0-^=0 
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Here we have the sulphur actmg with the valence of six, and a 
scheme mdicatmg the linking of the aci^ How can it electrolyze 
and give such products? The following diagiam shows the prob- 
able manner taking dissociated water mto account 


Heie we also have the formation of a molecule of water withm the 
electrolyte If, however, the temperature is allowed to rise above 
105° C we obtain hydrogen, oxygen, and sulphui trioxide, with 
the formation of a molecule of water within the electrolyte as follows 




So much for this side of electrolysis and the part played by 
minimum voltage, or electrode tension as a factor in experimental 
as well as m commercial work 


ELECTROLYTIC SEPARATION OF METALS 

Under the present headmg we will take up the art of electro- 
analysis, and separate one metal from another, when both exist 
m the same solution, through the proper adjustment of electrode 
tension Fig 49 shows a plan for accomplishing this Here we 
have a platmum dish lestmg upon a platinum plate, connected with 
the negative wire of a storage-battery and variable iheostat A 
disk of platmum welded to a platinum wire is suspended in the 
dish to serve as anode, and is connected m turn with the battery 
A dehcate ammeter and voltmeter complete the equipment, and 
are joined up as shown Only instruments of dehcacy and pie- 
cision are apphcable foi this class of work, and a rheostat capable 
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of fine graduations is absolutely essential The cells of the battery 
must be so arranged that, one or more may be joined m senes m a 



Fig 49— Method of Separating Metals by Electrodepositton through Adjustment 
of Electrode Tension 

convenient manner. Havmg set up the apparatus, we are in a 
position to undertake some experimental work Fig 50 illustrates 
a practical working equipment for separatmg one metal from an- 
other on the basis of electrode tension A platinum dish and plati- 
num stnp actmg as the cathode and anode respectively are shown 
m the center Readers of electrochemical literature will m this 
connection come across the terms “polarizabon” and “polariza- 
tion current,” etc , wluch refer to the back electromotive force 
or tension necessary in order to force a current through an electro- 
lyte Theiefoie, polarization may be under tood to lefer to the 
mimmum voltage necessary to effect an electrolysis Le Blanc 
made many c reful researches upon the electrode tensions neces- 
sary to decompose various salts, acids, and bases when in solution, 
and it may be easily seen that we may separate one constituent 
from another in an electrolyte by carefully adjusting the electrode 
tension to fall between the two different values for the different 
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electrolytes 

tions 


ZnSO, 

ZnBra 

NiSO, 

NiClj 

PbCNOjla 

AgNOa 

HNOj 

NaOH 

NH,OH 


Le Blanc found the following values for normal solu- 


Volfi 



I 8s 
I 52 

0 70 

1 6g 
I 69 
I 74 


CdfNOOa 

CdSO, 

CdC4 

CoSO, 

Cods 

H^SO^ 

HCl 

KOH 

HBr 


Volts 


This IS of course only a partial list, but will be sufficient to serve 
as a useful guide in the laboratory Any attempt to outlme methods 



Fio so — The Separation of Metals by Adjustment ot Electrode Tension Rheo- 
stats, storage-battenes, and electrical instruments are shown here in practical 
operation m the laboratory 


of electro analysis would be incomplete at this time without intro- 
ducing the attractive and useful device known as the rotating anode 
Suppose, for example, it is wished to determme copper m the electro- 
lytic way, that is by deposition upon a platinum dish Accordmg 
to the old scheme, we had the dish and a stationary anode With 
this arrangement it was necessary to work with a feeble cuxient, or 
else the deposit of copper would come down dark and non-adherent 
For this reason it took many hours, very often, to produce com- 
plete precipitation With the rotating anode, the current stiength 
can be enormoulsy increased, and yet obtain a beautiful pink ad- 
heient deposit of copper in a correspondmgly shorter time Here 
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we have an electnc motor propeily wound to run on a storage-battery 
"circuit, or else especially wound to run on the elechic-hghting circuit 
with lamps in parallel jbo not try to use a vtiy small motor Pro- 
cure one several sizes larger than is really necessary to revolve the 
anode, for it can be much more easily controlled through the agency 
of our lamp-bank, or a special short bank as illustrated at the extreme 
right in Fig 51 Here the addition of one lamp will give the motor 



Fig 51 — Easilj -constructed Rotating Anode for^Rapidly Conducting Electro-analy- 
sis With this eqiupment an electro-analysis may be completed in a few min- 
utes, which would require several hours to accomplish m the old way 


a certain speed, which may be increased by the addition of others 
From thirty to one hundred and twenty revolutions per minute 
have been found to be excellent speeds, although higher speeds 
may be used with advantage so long as there is no danger of losing 
electrolyte by its spmmng out of the dish A large disk just above 
the platinum dish should be mcluded m the equipment, to prevent 
anything falling mto the dish from the commutator and contact 
brushes above The rest of the make-up is so sunple that the 
illustration should serve to make it clear A few words concerning 
the principle upon which the rotating anode accomplishes its rapid 
precipitation may be given here The main thing accomplished 
by the rotating anode isl;o keep the solution homogeneous in character 
Let us take the case of a solution of copper suiphate If a com- 
paratively feeble current of electricity be passed thiough an electro- 
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lyte consisting of copper sulphate foi a long time, there are concen- 
tration changes set up If we use coppcrj^ electrodes the anode loses 
in weight just as much as the cathode gains, and there is at all times 
in the solution the same amount of copper, or to put it m other 
words, there is always the same number of copper ions m solution 
Now, even with the use of copper electrodes and a constant number 
of copper ions piesent in the solution, concentration changes will 
be set up if the current is allowed to flow for any considerable length 
of time In such an experiment it is found with copper sulphate, 
for example, that we get an incitase of concentration at the anode 
and a decrease of concentration at the cathode Fig 52 represents 
the condition of affairs in a vertical glass tube containing copper 
electrodes and an electrolyte of copper sulphate . The shaded 
portion represents the concentration of the solution about the anode 
Now, if this took place, as it does with a platinum dish and station- 
ary anode, the copper 10ns become so few, or in other words the 
electrolyte becomes so poor m copper about the cathode dish, that 
we are held down to the use of a feeble current or tlicre will be 
trouble m getting the adherent, pink deposit, so necessary for all 
acemate determinations of copper by clectro-deposition How can 
these concentration changes be overcome? The rotating anode 
accomplishes this perfectly, and enables us to keep a constant supply 
of copper 10ns about the cathode dish, and allows consequently of 
a heavy current being employed How can we explam the con- 
centration changes ? Fig 53 shows by diagram how such accumula- 
ton of copper 10ns about the anode is accounted for according to 
Hittorf The changes in concentration calculated from one of 
Hittorfs researches are shown m this diagram Here the white 
circles represent the anions and the black circles the cathions, and 
the dotted horizontal line indicates merely the middle of the solu- 
tion in the vertical containing vessel The electrolyte is perfectly 
homogeneous before the electric current is passed, as js seen by 
an equal numbei of amous and cathions respectively on each side 
of the line In the figure we have nine upon each side Now 
allow the current to pass for a given time We know that diflerent 
ions have different velocities, and consequently the Cu 10ns will 
move m one direction at a different rate from the SO4 ions moving^ 
m the other direction It is very often confusing to the student 
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to undei stand how wc can have such concentiation changes due 
to different velocities of the ions when wc have the same equivalents 
of ions liberated at anode and cathode respectively No cathion 
can separate at the cathode until an anion separates at the anode, 
and for each and every ion which is liberated at one electrode there 
must be a coixesponding ion liberated at the othci There may, 



Fig 53 — Diagram Representing HittorPs “Transport Numbers ” From Hittorf’s 
researches the relative velocities of ions are determined expenraent ill) , b) con- 
centration changes 

Tig 54 — ^Approved Apparatus of Mather and Jones for Experimentally determining 
the Relative Velocities of Ions Based upon Concentration Changes 

of couise, be the case where wc have one divalent ion separating at 
one pole and consequently two univalent ions separating at the 
other Faraday’s law teaches us this As a result of the different 
velocities, while we have an amon liberated for every cathion, we 
may have a banking up of the swifter kind of ions, and so to speak, 
ready to discharge This is illustrated in the little diagram at the 
right, where we have thirteen anions across the dotted line and 
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only eleven, catluons across the dividing line in the opposite direc- 
tion Such concentrations may be practi^lly shown by experiment 
with a piece of apparatus as illustrated in Fig 54, as devised by 
Mather, working with Jones Here a copper-sulphate solution, 
for example, may be electrolyzed, and the solution drawn oS from 
the two tubes respectively and analyzed for concentration Know- 
ing the original concentration of the homogeneous electrolyte, the 
number of coulombs passed, and the respective concentrations of 
the respective anode and cathode tubes, we have all the data for 
determining the relative velocities of the two 10ns This is a very 
practical piece of apparatus, and with it very interesting concen- 
tration changes may be studied. 
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IMPORTANT CONDITIONS TO BE NOTED IN ELECTROCHEM- 
ICAL OPERATIONS CAUSTIC SODA AND CHLORINE FROM 
SALT ELECPROLYTIC PRODUCTION OF WHITE LEAD 
ELECTROLYTIC PRODUCTION OF CADMIUM ITILLOW 
ELECTROLYTIC PRODUCTION OF MERCURY VERMILION 
ELECTROLYTIC PRODUCTION OF SCHEELE’S GREEN 
ELECTROLYTIC PRODUCTION OF BERLIN BLUE 

Various controlling conditions must be observed in all electro- 
chemical operations, and be iccorded in connection with ever> piece 
of expeiimental work Theie aie many governing adjustments or 
conditions in electrolysis, without a working knowledge of which the 
student will be imable to meet with any notable success in carrying 
out a determination, or be able to obtain the same result twice in 
any undertaking One of the most important factors in all electro- 
chemical work IS that of “current density,” and because of its great 
moment and importance it will be dealt with at the opening of this 
chapter Current density depends upon the ratio of electrode area 
to the current flow in an electrolytic cell We may have high-cuirent 
density at both electrodes, or low-current density at both electrodes, 
01 else high-current density at one of them and low-currtnt density 
at the other Fig 55 has been designed to make this clear At the 
left in this diagram the anode is simply a thin platinum w iie affording 
but small surface from which the electric current can leave to enter 
the electrolyte, whereas the cathode is a platinum sheet affording 
a large surface for the same current to be conducted from At the 
right m the same diagram the conditions of current density are 
just leversed Now the point of interest lies m the fact that adjust- 
ments of current density have an important effect upon almost all 
electrochemical opeiations, determining the character of the electrode 
products, as well as the chemical change which may take place 
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throughout the entire electiolyte Oxidation and reduction are two 
of the most important chemical phenomen^, and yet the oxidation or' 
reduction of an electrolyte may be brought about by the same electric 
current, the only diiiercnce in its apphcation being that of current 
density The foUowmg rule should be learned by all electrochemical 
students 

Oxidation is effected by using concentiatcd electrolytes and by 
a low-current density at the anode, as depicted in the right-hand 
cell in the illustration Reduction is effected by usmg concentrated 



Fig 55 — ^Diagram to Show Two Different Conditions of Current Density At the 
left there exists high-current density at the anode and low-current density at the 
cathode In the cell depicted at the right we have low current density at the 
anode and high-current density at the cathode 
Fig 56 — Four Cells in Senes receiving a Common Current, but because of Dissimilar 
Current Density Adjustments, Electrolytes in the Several Cells Will Yield Differ- 
ent Dcromposition Products The electrolysis in the two colls at the left will 
be the same, but will differ from the products in the two cells at the right 

electrolytes and a low-current density at the cathode, as depicted 
m the left-hand cell m the illustration 

It will, therefore, be fully appreciated how very important it is to 
note and take fully into account the conditions of current density in 
any piece of experimental work Fig 56 illustrates four cells m 
seiics, the whole system, therefore, receiving a common electric 
curient The conditions of current density, however, arc not the 
same, and we will obtain different results m the two cells at the right 
from those m the two cells at the left To test this we can perform 
the followmg simple expeiiment, using a solution of oxahe acid for 
the electrolytes, to which has been added a quantity of sulphuric acid 
Take 60 grams of oxalic acid to the liter of water, and add 50 
grams of sulphuric acid, and place an equal portion of this solution 
in each of the four cells A current of about half an ampere is 
allowed to flow for an hour, when the oxalic solution in each cell 
is determined by means of permanganate of potassium Oxidation 
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Will be found to have taken place in the two iight-hand cells if the 
current adjustment is as shown in the diagram, and is equal for 
each cell At the left there will be no notable inciease, although 
we do not get a correspondingly great reduction It should be stated 
that these cuirent density conditions exert a strong tendency to 
oxidize and reduce respectively, but of course all electrolytes aie 
not oxidizable oi reducible any more than many compounds are 
which go to make them up We know that oxidation is usually 
accompanied by hberation of heat, and it is therefore of great moment 
to loiow both the anode and cathode temperatures in an electro- 
chemical research Fig 57 illustrates the plan of the author for 



Fig 57 — Author's Arrangement o£ Two Sensitive Beckmann Thermometers to 
Study Anode and Cathode Temperatures, when Making a Research upon an 
Electrolyte 

mvestigatmg such di^erential heat liberation. What are some of 
the other unportant conditions to be observed? They are many 
and vital, and it is deemed that a concise tabulation of them, as 
arranged by the author for use m the laboratory, will be perhaps a 
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good way of piesentmg them In making any kind of a research 
upon a solution when subjected to the action of an electric current, 
the conditions tabulated here should be taken account of If a piece 
of experimental work is to be undertaken, a neatly-kept notebook 
should of comse be opened, and a careful record kept ot each thing 
observed, together with all the existing conditions It wdl be neces- 
sary to make a number of repeated special runs to secure all the data 
as advised in the accompanying table, as theie are too many conditions 
to be usefully observed and recorded during any one run For 
example, a special run may have to be made for differential tem- 
peratures, another for specific giavity determinations, etc In 
several runs the following table may be compiled for reference 
This paiticular table was the result of the author’s work upon 
sulphuric acid 


Duration of run 
Compound electrolyzed 
Character of soUiUon 
Sp gr before electrolysis 
Sp gr after electrolysis 
Quantity of compound trken 
Character of apparatus 
Dimensions of cell 
Source of electricity 
Temperature of electrolyte 
Temperature at anode 
Temperature at cathode 
Amperes flowing 
Volts indicated 
Area of anode immersed 
Area of cathode immersed 
Current density at anode 
Current density at cathode 
Distance between 
Phenomenon at anode 
Phenomenon at cathode 
Phenomenon between 
Secondary action at anode 
Secondary action at cathode 
Secondary action between 
Later phenomenon at anode 
Later phenomenon at cathode 


Material of anode 
Matenal of cathode 
Matenal of contaimng cell 
Special peculiarities 


One hour 
HjSO, 

No solution 
I 840G4 
1 840D1 


See illustration 
7X8 cm 

Motor-igenerator 
21 S“C 
21 s“C 

21 S“C 

4 230 
16 00 
4sq cm 
4sq cm 
■d,oo“io6 2 
C,(,o-io6 2 
3 cm 

SO3 and O 
Hydrogen 

Floating S in 3 mins 
None at once 
None at once » 

SO, at 103 S° C 

Increased S 
Platinum 
Platinum 
Glass 
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Many operations, of course, will not require the setting down of 
so many data, but for all research purposes the student will do 
■well to tabulate his facts as completely as possible We are now 
in a position to produce electrolytic preparations, and a few interest- 
ing examples for laboratory practice are given here 


CAUSTIC SODA AND CHLORINE FROM COMMON SALT 

This IS one of the first laboratory exercises the student in experi- 
mental electrochemistry should take up m the way of preparations 
The experiment is a very practical and easily carried out introduction 
to electrochemical manufactuie The appaiatus as illustrated m 
the photograph m Fig 58 is easily and quickly put together in any 
laboratory, and serves a most useful purpose in many cases of elec- 
trolysis wheie the anode gas is to be collected The apparatus 
simply consists of a large beaker glass containing a good-sized porous 
pot, about which a cylmcler of nickel-wurc gauze is placed to foim 
the cath'Sde of the cell A cylindrical lamp-chimney is next procured, 
and fitted with a heavy rubber stopper, through which passes a rod 
of carbon to serve as the anode There is a second hole in this 
stopper, to receive a small glass tube, through which the chlorine 
escapes from the glass lamp-chimney cliambcr The rubber stopper 
should be given several coats of paraffin wax inside and out with a 
good brush dipped mto a melted mass The electrolyte consists 
simply of a saturated solution of common salt m water, and our 
lamp-bank with two or three lamps in parallel m connection with 
an electnc-lighting system completes the equipment Chlorine gas 
escapes copiously from the anode chamber, and a correspondmg 
quantity of sodium hydroxide is formed in the cathode chamber 
Hydrogen of course escapes from the nickel-wire gauze when the 
salt breaks up in accordance with the following equation 

2NaCl + 2H2O = 2NaOH -I- H2 -1- CI2 

The chloiine should be led mto a lead-hned box containing lead 
shelves holding moist calcium oxide, as outlmed in the electrolysis 
of magnesium chloride, for the simultaneous production of chloride 
of hme, or the chlorme may be led into water to saturate it for 
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bleaching purposes The liquid from the cathode chamber is. 
poured off after the run, and evaporated l(« dryness m a porcelain 
dish to obtain the solid caustic soda 
This experiment can and should be run 
quantitatively by mcluding a copper 
voltameter m series with it, and noting 
the fall in voltage between the electrodes, 
m order that we may state the number of 
]oules absorbed per gram of sodium 
hydroxide produced, and per gram of 
bleaching-powder, etc The porous-pot 
partition in this apparatus plays a most 
important part, as it keeps the chlonne 
set flee from actmg upon the caustic 
soda formed to produce another com- 
pound, namely, sodium hypochlorite As 

„ the use of porous pots is of great impor- 

Fig 58 — Lirge Beaker Ar- , ^ ^ i ^ 

ranged mth Porous Pot and t^nce in a great many electrolytic-opera- 
Glass Anode Chamber for Pro- tions as well as in research and investi- 
duang Caustic Soda and Chlo- gations, a group of the various desirable 
nne from Common Salt shapes and Sizes has been photographed, 

winch constitutes Fig 59 A' good supply of these should be at 
hand in every electrochemical laboratory 

ELECTROLYTIC PRODUCTION OP WHITE LEAD FROM METALLIC LEAD 
ELECTRODES 

A very beautiful electrolytic preparation is that of white lead 
from the metallic lead electrodes m an electrolytic cell White lead, 
or technically the basic lead carbonate, has the following formula, 
which IS sometimes called hydrate-carbonate of lead 
aPbCOg Pb(OH)2 

For our purpose we will require either a rectangular glass jar or 
cell, or else a large beaker glass, and heavy sheet lead electrodes 
The adjustment for current density m this preparation is the same 
for both electrodes, that is, they are of the same immersed area m 
the electrolyte A good workmg current density for this experiment 
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IS o s ampere for every 100 square centimeters of anode and 
cathode surface immersed The expression for current density is 
frequently met with in abbreviated ways, which the reader of electro- 



Fig 59 — Porous Pots of Various Shapes and Sizes which should be Supphed to 
every Electrochemical Laboratory 

chemical processes will come across, and they are therefore given 
here in-thcir usual manner, in order that he may become famihar 
with them For example, the following expression, 

Da =Dc =0 5 ampere per 100 square centimeters, 

means that the anode current density is the same as the cathode 
current density, and that they each equal o 5 ampere per 100 square 
centimeters of immersed surface, measuring usually both sides of 
the two electrodes in making the calculation of area The expression 

N D 100 =0 5 ampere 

will also be met with, expressing the current flow from an electrode 
for every 100 square centimeters of electrode area 

Let us now prepare a few grams of electrolytic white lead, and 
tabulate the data m such concise form that we should at any lime be 
able to repeat the experiment with certainty, or be able to direct 
otheis to do so The electrolyte m this case will be 12 grams of 
sodium chlorate and 3 grams of sodium carbonate dissolved in i liter 
of wdtei A rectangqlar glass cell, two sheet-lead electrodes, and our 
lamp-bank equipment m connection with a lighting circuit will 
meet the electneal requirements, and it only remams to fit up a 
generator for the production of carbon-dioxide gas from dilute 
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acid and fragments of marble The electrolysis is conducted at 
about 20° C , and a slow current of carbon-dioxide gas is led into 
the electrolyte m contact with the cathode, the electrolyte being 
kept in motion by a stirrer The white lead flows down in thick 
clouds from the anode to the bottom of the cell, and may be col- 
lected m a little bag of tow attached to the electrode, when it may 
be removed and ground with oil to make the well-known basis for 
oil colors The 5ncld of white lead in this experiment is excellent, 
and the operation forms a very pleasmg lecture preparation, for 
the formation and falling down of the white lead from the solution 
IS very beautiful and pleasing, especially when one is famfliar with 
the unattractive old Dutch method, dependent upon the chemical 
action of the vapors of acetic acid, carbonic acid, and oxygen upon 
masses of lead in pots, which must be buried for long periods of 
time in horse-manure, in order that fermentation may assist chemi- 
cal action by an increase m temperature Our electrolytic process 
may be made continuous, and has attained commeicial importance 
m recent yeais In this experiment the electiolyte contains two 
salts in very dilute solution The sodium chlorate, which is present 

in four-fifths of the total amount, has as an amon CIO3 which forms 
a soluble salt with the airode lead, producing lead chlorate, which 

passes into solution The sodium carbonate, whose anion CO3 



from Lead Electrodes 

Fio 61 — ^Expenmental Apparatus for the Electrolytic Preparation of Cadmium Yel- 
low from a Stick Cadmium Anode • 


forms an insoluble salt, lead carbonate, produces the precipitation 
As a result of usmg such proportions, the insoluble salt does not 
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deposit at once upon the anode, but is precipitated some distance 
from It, and does not give tiouble by foiming an insoluble crust on 
the elcctiode' The caustic soda produced at the cathode co- 
bines with the caibon-dioxide gas which is bubbling through the 
solution, and regenerates sodium carbonate Fig 6o wiU make 
the apparatus clear Here in the center of the cell is shown a stirrer 
to be operated by a small electric motor when it is desired to show 
the experiment in the lecture-room Below will be found tabulated 
the prmcipal data in such an experimental run 


Duration of run 
Electrolyte 


Character of apparatus 
Dimensions of cell 
Source of electricitj 

Temperature of electrolyte 
Amperes flowing 
Volts indicated 
' Area of anode immersed 
Area of cathode immersed 
Current density at anode 
Current density at cathode 
Distance between 
Material of anode 
Material of catliode 
Phenomenon at anode 

Phenomenon at catliode 


1 hour 

12 grams NaClO,, 

3 grams Na.CO, 
in r hter water 
See figure 

8 cm Xao cm X20 cm 
Lighting circuit and 
Ump-bank 
20° C 

o 5 ampere 


loo sq cm 
N D ,j,=o 5 ampere 
N D s ampere 
Approximately i8 cm 
Soft sheet lead 
Soft sheet lead 
White lead flowing 
down in streams 
Bubbling of carbon di- 
oxide gas and tbe 
formation of NasCO, 


Another plan for producing a carbonate of lead can be shown 
with this same piece of apparatus, but with a different electrolyte 
A solution of sodium nitrate is used, which when electrolyzed forms 
nitric acid, which attacks the lead electrode and puts it into solution 
as lead nitrate The following equations show how this scheme 
probably works 

1 NaN 03 -|-H 20 =Na0H-hHN03 

2 2HN03+Pb=fb(N03)2+H3 

3 Pb(N 03)2 + 2NaOH=Pb(OEQ3-)-2NaN03 

4 Pb(0H)2-hHNaC03=PbC03-l-Na0H+H20 
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Instead of reactions i and 2 taking place as shown, the following^ 
may be the true state of affairs, since hydrogen is libeiated at the 
cathode 

aNaNOa + aHgO 4 -Pb = (aNaOH +H2) +Pb02 + (N03)2 

Equation 4 results fiom the addition to the lead hydroxide of 
a solution of sodium bicarbonate Other modifications of this 
very beautiful method will doubtless suggest themselves to the in^ 
genious student, apart from the interestmg quantitative figures 
he is in a position to obtam by working with such an equipment 
and electrical measuring instruments Of eburse, for economy in 
operation the motor-generator should be used, as we do not require 
the electric current at anything like no volts pressure 

Having produced the white lead, which is the basis for most 
oil-color paint, we can next try our hand at the elcctiolytic pio- 
duction of pigments Perhaps the easiest and most satisfactory 
pigment to take up first is that of cadmium yellow 

THE ELECTROLYTIC PRODUCTION OF CADMIUM YELLOW 

This very bnlhant and -beautiful pigment may be easily pro- • 
duced elcctiolytically m a cell similar to that employed in the prepa- 
ration of white lead This cell is shown m Fig 61, a cyhndncal 
stick or rod of cadmium acting as the anode, and a strip of platinum 
actmg as the cathode In the place of the CO2 gcneratoi as used 
in the pievious preparation, a hydrogen-sulphide generator is em- 
ployed, For this puipose, as is well known by every chemist, we* 
require some fragments of iron sulphide and a little dilute hydro- 
chloric or sulphuric acid This generator is depicted in its smiplest 
form, and may be replaced to advantage by one of the approved 
“automatic” t)q)es, whereby the supply of gas controls the action 
of the acid upon the iron sulphide The electrolyte m this experi- 
ment consists of a saturated solution of common salt in water, and 
when elefitrolyzed under these conditions forms cadmium chloride 
at the anode, and sodium hydroxide at the platinum cathode For 
the production of any quantity of this pigment, both the anode 
and cathode should be placed in porous pots to prevent the mixing 
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^ together of the respective electiode pioducts The cadmium chloride 
pioduced IS immediately precipitated as the bnlhant yellow cad- 
mium sulphide by the stream of hydrogen-sulphide gas The 
following simple equations indicate the steps in the production of 
the pigment 

2NaCH- 2H2O = 2NaOH -b CI2, 

2Cd H- CI2 + 2H2S = 2 CdS -b 2HCI 


If the electrolyte is kept stirred by a mechanical device, the 
effect IS very beautiful indeed The tabulation of the data in the 
electrolytic preparation of cadmium yellow is given below 


Duration of run 
Electrolite 

Character of apparatus 
Dimensions of cell 
Source of electricity 


Temperature of electrolyte 
Amperes flowing 
Volts indicated 
Area of anode immersed 
Area of cathode immersed 
Current density at anode 
Current density at cathode 
Distance between 
Material of anode 
Material of cathode 
Phenomenon at anode 
Phenomenon at cathode 


Phenomenon between 
Special peculiarities ^ 


I hour 

Saturated solution of NaCl 
in water 
See figure 

8 cm X 20 cm Xsocm 
Lighting curcuit and lamp- 
bank, except for econ- 
omy and quantitative 
work Then use motor- 
generator 
30° C 

n- S 

50 sq cm 

N D 2 amperes 
N D = i ampere 
Approximately 18 cm 
Rod or stick of cadmium 
Stnp of platinum 
Solution of CdCla 
Liberation of hydrogen 
and the formation of 
NaOH 

The precipitation of CdS 
Use of porous pots for the 
production of the pure 
pigment in quantity to 
prevent mmng of elec- 
trode products 


Note here the double current density at the anode as expressed 
in the abbreviated manner, as the result of using a stick of cad- 
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mmm having one-half the area of the platinum stop The next^ 
pigment is that of mercury vermilion described as follows 

THE ELECTROLYTIC PRODUCTION OP MERCURY VERMILION 

The electrolytic production of this brilliant sulphide is a little 
more difficult to accomplish, as the conditions must be exactly 
Tight or the scheme does not work out as smoothly as that for the 
preparation of the cadmium sulphide Fig 62 shows the arrange- 



63 — Expenmental Apparatus for the Electrolytic Preparation of Mercury Ver- 
milion from a Mercury Anode •• 

mcnt ot the apparatus, where a mass of mercury acting as anode 
is shown within a small porcelain dish, with a strip of platinum 
as cathode This little dish^ may rest upon a block of glass, as for. 
example a rectangular glass paper-weight, for effect, if shown to 
a number of persons as a lecture experiment A platinum wire 
runs down into the mercury, and is protected by a covenng of thin 
rubber tubing to prevent its acting as an electrode A hydrogen- 
sulphide generator similar to that used in the preparation of the 
cadmium sulphide is employed, as shown at tlie right The electro- 
lyte consists of a solution of 8 per cent each of ammonium and sodium 
nitrates, 

NH4NO3 and NdNOs, 

which electrolyze into NH4OH and NaOH at the cathode, and the 
setting free of the two correspondmg NO3 groups at the anode, 
which is of mercury, and consequently the soluble mercury nitrate 
is formed, Hg(N03)2 The hydrogen sulphide actmg upon the 
nitrate of meicury produces the sulphide 

Hg(N03)2+H2S =HgS -I-2HNO3, 
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,with the formation of two molecules of nitnc acid, which, acting 
upon the ammonium and sodium h-ydroxides, reforms ammomum 
and sodium nitrate 


NaOH+HNOs =NaN03 +H2O, 
NH4OH + HNO3 = NH4NO3 + H2O 


The following tabulation shows the important points to observe 
in the successful preparation of this vermilion electrolytically 


T) uration of run 
Electrolyte 


Character of apparatus 
Dimensions of cell 
Source of ekctriciti 
Temperature of Uectrolvtc 
Amperes flowing 
Volts indicated 
Area of anode immersed 
Area of cathode immersed 
Current densUr at anode 
Current density at cathode 
Distanee between 
Material of anode 

Material of catliode 
Phenomenon at anode 
Phenomenon at cathode 

Special pecuhariUes 


r hour 

8 grams NH^NOj, 8 
grams NaNOj in l 
liter of water 
See figure 

8 cm Xeocm X20 cm 
Motor-generator 
^0° C 
5 amperes 
S 5 'olts 

200 sq cm appro-c 
roosq cm 

N D |„(i = 2 5 amperes 
N D ,00=5 amperes 
12 cm. appro-eimately 
Metallic mercury (see il- 
lustration) 

Strip platinum 
Formation of Hg (NO,)! 
Production of NH,OH 
and NaOH 

\rrungement of mercury 
in small poreelam dish 


Foi an effective lectuie evhibit the vermthon sulphide should be 
agitated by means of a mechanical stirrer Fig 63 illustrates four 
electrolytic cells in senes with electric motors attached to stirrers, 
producing a very sti iking apparatus for the simultaneous production 
of white lead and pigments It is absolutely necessary to insulate 
the stirier rods from the shafts of the motors if a common electric- 
lighting circuit and lamp-bank is employed for power for the 
motois and clectiolyzing current If this is not carefully done, 
there will, with most of the small motors on the market, be trouble- 
some short cncuits, and a failuie to accomplish the electrolysis from 
this cause These motors may be joined in senes, and tlie cells 
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3 hould be mounted upon a boaid, ■which may be lowered by remov- 
ing the suppoit in oidci to withdraw the electrodes and stiricrs 



Fig 63 — Artatvgement of Electrolyuc Cells ■nfith Electromechamcal Stirrers for the 
Experimental Preparation of White Lead and Colored Pigments Simultaneously 
This apparatus is designed as a striking lecture-room experiment It is necessary 
to insulate the stirrer rods with hard-rubber connections as indicated in black if 
a common electric-hghting circuit is employed for motors and electrolysis 

It is ahnost needless to say that this piece of apparatus wiU be also 
useful for any other operations where mechanical agitation is re- 
quired for prolonged penods of time. There are other pigments 
which may be easily produced in the same general manner, the 
details of which will be left to the ingenuity of the student For 
example, a beautiful green may be produced electrolytically as 
follows 

THE ELECTROLYTIC PRODUCTION OF SCHEELE’S GREEN. 

For this preparation dissolve 10 grams pf sodium sulphate in 
I liter of distilled water and place in the electrolytic cell as employed 
for the previous compounds The electrodes are cut from pure 
soft sheet copper about 5 centimeters by 25 centimeters for the size 
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of cell we are using, and about No i8 gauge The cell and electro- 
lyte must be heated to a temperature of about ioo° C by means of 
a water -bath A little bag of tow is made and filled with white 
arsemous oxide, which is suspended m the electrolyte A current 
of about 3 amperes is necessary for a cell of this size, and it is better 
to employ the lighting curient and the lamp-bank for the electrolyzmg 
cuireiit Copper sulphate and sodium hydroxide are formed, the 
sodium hydroxide dissolvmg the arsemous oxide and forming sodiuirt 
arsemte The sodium arsemte immediately reacts with the copper 
sulphate which separates as a beautiful giecn precipitate to form the 
copper arsemte, regeneratmg sodium sulphate The operation may be 
conducted until the copper electrodes are consumed, and the arsen- 
lous oxide completely conveited to the aisenite of copper 

THE ELECTROLYTIC PRODUCTION OP PRUSSIAN BLUE 

In the same geneial manner Prussian blue may be prepared m. 
the electrolytic cell A potassium ferrocyanide solution of lo- 
grams to the liter is precipitated by means of a normal ferrous 
salt solution This precipitate is stirred m water by means of our 
mechanical stirrer This must be placed in a large porous pot of 
.sufficient diametei to adimt a smtable ^stirrer m which a platmum. 
anode is placed About 25 cubic centimeters of nitric acid is added, 
to the solution m the pot and a platmum cathode is placed outside- 
About 5 amperes must be passed through the system for several 
hours, when we will obtam for our product a dark Berlm blue 

A few words concerning experimental apparatus may be of ser- 
vice to the electrochemist Fig 64 illustrates a most convenient 
and satisfactory electrolytic stand for a great variety of purposes- 
The column is solid glass, which serves to mount the two electrode 
arms and effectually msulate them fiom each other The electrode 
arms not only slide up and down the column and are set by means^ 
of a thumb-screw, but the electrodes may be slid in and out from, 
the center of the column and set at any required distance For 
rapid adjustment and flexibfiity of use these stands are unsurpassed. 
A half dozen or more of these stands should be a part of every electro-- 
lytic equipment They are always ready to receive electrodes of 
various kmds and materials, and are quickly connected to the source 



EXPERIMENTAL ELECTROCHEMISTRY 


of electricity bj means of binding screws Many electrochemical 
investigations may be begun by electrolyzmg small volumes of 



Flo 64 — Convenient Electrolytic Stand foi Conducting Experimental Work The 
column IS of sohd glass, and the electrodes are easily adjusted for cells and beakers 
of vanous kinds 

electrolytes m beakers with these stands until data wai ranting the 
guse of larger cells with separately fixed electrodes are secured 
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ELECTROLYTIC PREPARATION OF POTASSIUIVI CHLORATE 
FROM POTASSIUjM CHLORIDE PREPARATION OF SOLID 
TRIOXIDE OF SULPHUR PRODUCTION OF OZONE FROM 
THE ATMOSPHERE EXPERIMENTS WITH OZONE AND ITS 
PRACTICAL APPLICATIONS 

ELECTROLITIC PREPARATION OP POTASSIUM CHLORATE 

An outline of the puiely chemical method for piepaiing this 
important compound should be given before undertalung the elec- 
trolytic plan Potassium chlorate, oi chlorate of potash, is prepared 
in the chemical way by passing an excess of chloiine gas lapidly 
into a stfong solution of potassium hydroxide When the liquid 
becomes hot enough to decompose the hypochlorite first formed mtO' 
potassumi cliloride, which remains in solution, the potassium chlorate 
deposits in tabular crystals The ultimate result of such a chemical 
method for this compound may be expressed by the followmg 
equation 

6KOH + Clfl = KCIO3 + SKCI + 3H3O 

If potassium carbonate or a weak solution of potassium hydroxide 
be employed, the liquid will require boilmg after saturation with 
chloime, m order to convert the hypoclilorite into cliloiate This 
chemical process for the preparation of potassium clilorate is far 
from being economical, since five-sixths of the potash is converted 
into chloride, being employed merely to furpish oxygen to convert 
the cliloime mto chloric acid In manufacturing potassium chlorate 
upon a large scale, a much cheaper material is used, namely lime, to 
furnish the oxygen The lime is mixed with water, and saturated 
with chlorme gas in closdd leaden tanks, when we obtain the followmg 
reaction 


! Ca(OH) 2 -1- 4CI = Ca (0 Cl) 2 -t- CaCla + HgO 
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The liquid is boiled down, when the calcium hypoclilonte is decom-^ 
posed into calcium chloiatc and chlor de, 

3Ca(OCl) 2 = Ca(C103)2 + 2 CaCla 

The calcium chlorate is now decomposed by boiling with potassium 
chloride, when it yields calcium chloride which remams in solution, 
and potassium chloiate which sepaiates m crystals as the solution 
cools The following equation expresses this step m the piocess 

Ca(C103)2 + 2Ka = CaCla + 2KCIO3 

In the preparation of potassium chlora e by electrolytic means, 
certam difticulties are met with The simple plan of subjectmg a 
hot solution of potassium cliloride to electrolysis, and allowing the 
dree mixmg of the chlorine and caustic soda pioduced, is woihable 
only with low concentrations To obtam the potassium chloiate 
f om an electrolyte containmg cliloride is a rather difficult matter 
hy means of any process of ciystallixmg out Without a porous 
partition or means of keepmg the electrode products sepai ated, the 
anode or oxidized product will reach the cathode and will there be 
reduced At the same tune the potassium hj 4 io\ide formed at the 
cathode can serve independently as an electrolyte, yielding at the 
electrodes oxygen and hydrogen gases, with the useless expenditure 
of electrical energy' The student in electrochemical processes 
should be on the lookout for every sucli possibility, and should have 
such losses in mind m the design and consti action of his apparatus 
Xct us take up the experimental pieparation of this most important 
compound electiolytically in the simplest manirei, using first an open 
beaker glass without porous partitions The student can make his 
determinations, and then modify the apparatus with a porous pot 
xvith a view to increasing the woikmg efficiency For the simplest 
xvoikable plan we will employ an electrolyte of the following composi- 
tion 

100 giams of potasst m chloride, 

I gram of potassium carbonate, 

I gram of potassium dichromate, 

250 grams of hot distilled water 

Tig 65 shows the arrangement of the necessary apparatus m its 
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simplest forni In making records of experiments m note books, it 
cannot be too strongly impressed upon the student to make concise 
and neat bttle sketches of the apparatus and the manner in winch it 
was assembled, to be accompanied of course by a full tabulated hst of 
conditions as set forth m a previous chapter In our first illustration 
we have a large beaker resting upon a square of asbestos, supported 
by a low non nng tnpod over a special low type of Bunsen burner 
for maintainmg the electrolyte at such an elevated temperature, as 
IS necessary The anode and cathode are both of sheet platinum, 



Pig 65 — Experimental Apparatus for the Electrolytic Preparation of Potassium 
Chlorate from Potasbum Chloride 

and are most conveniently supported by a couple of electrolytic 
stands with insulating glass columns, as described and recommended 
in the last cliaptei A theimomeler is immersed m the electrolyte 
togethei with a glass tube as indicated, thiough which a current of 
carbon-dioxide gas is passed The current density at the anode 
should be at least 20 ampeies per loo squaie centimeters of immersed 
electrode, and the current density at the cathode should be about 
double this for best results The electrolyte is kept at a temperatuie 
of 60° C and a feeble acid reaction is maintained by a cuiient of cai- 
bon-dioxide gas, which also keeps the solution agitated and of uniform 
composition Accoiding to Dr Karl Elbs,”of the XJmveisity of Giessen, 
at least 60 ampere hmirs are necessary foi this quantity of electro- 
lyte, since one ampere lioui yields o 75 giam of potassium chloiate 
According to Dr Elbs, if a separation of potassium chlorate has 
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commenced during the electiolysis, after allowmg the electrolyte to 
cool down, a consideiable quantity of potassium chlorate crys- 
tallizes out, which IS purified by a single lecrystalhzation By 
e\apoiation of the mother liquor to about one-half its original volume 
and then alloiving it to cool down, a second lot of ciystals is obtained 
The current efficiency amoxmts to about 70 per cent of the theoietical, 
and only begins to fall oft to a serious extent if ovei 50 pei cent of the 
potassium chloride has been converted mto potassium chlorate It 
is -very evident from the foregoing that it the current efficiency be 
calculated from the amount of potassium 
chloiate in the crystalhne sohd foim, the 
figure obtained will be too low because 
of the quantity remaining behind in the 
mother liquor Sodium chloiate may be 
prepared with the same appaiatus by using 
as an electrolyte, 

80 grams of sodium chloiidc, 

2 grams of sodium carbonate, 

I gram of sodium dichromatc, 

250 grams of hot dishlled water 
The electiical conditions are the same as 
in the preparation of potassium chloiate 
and the current efficiency is also about 
70 per cent The electrolyte in this case 
IS evaporated to a small volume, when 
the sodium chloride will separate out of 
Fig 66 -Useful Design of U ^3 

T\ibe ior Conoucting Elec- . 

trolvtic Preparations and product IS not puie, being con- 

Miuntaimng an Elevated tammated With sodium chloride and 
Temiierawre by the Current sodium chromate Sodium chromate is 
Itself The center tube , , , , , , 

receives the thennometer , exceedingly Soluble, and a complete puil- 
fication IS theiefore a difficult matter 
Potassium and sodium chlorates may be quickly prepared in small 
quantities without the aid of external heating by employing a special 
U tube with a center limb hke that illustrated in Fig 66 Because 
of the comparatively small cross-section of the electrolyte, the tempera- 
ture can easily be kept at the requiied point by controlling the electric 
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current The central tube serves for the reception of the thermometer. 
Such a piece of apparatus not only serves for this particular Ime of 
electrolytic work, but is of a generally useful and flemble character. 
Fig 67 illustrates such a tube in connection with an ammeter and 



Fig 67 — Combination of Special U Tube with Ammeter and Lamp-bank, where- 
by Electroh tes can be Maintained at them Boiling-points by the Electrolyzing 
Current By means of the ammeter and the thermometer conditions can be 
easily controlled 


lamp-bank, by means of which electrolytes can easily be mamtamed 
at their boilmg-pomts by the electrolyzmg current if necessary 


PREPARATION OF SOLED TRIOXTDE OF SULPHUR 

It Will be lemembered that in a previous chaptei the electrolysis 
of concentrated sulphuric acid was conducted with the liberation of 
hydrogen, oxygen, ozone, and free sulphur, and at elevated tempera- 
tures the electrode pioducts become hydrogen, oicygen, and sulphur 
trioxide. If now we select a thin glass Woulf bottle intended for heat- 
ing, and subject concentrated sulphuiic acid to a piocess of electrolysis 
with a heavy current, we will elevate the temperature sufficiently to 
produce sulphur dioxide in quantity, which may be condensed to a 
white solid with ease fey passing the gas into a suitable condenser. 
This experiment is not mtended to show a method for preparmg 
sulphur trioxide, to compete with any existing chemical schemes, 
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bill merely as an exercise of interest in conducting piactical work. 
Fig 68 shows the airangement of the apparatus, which consists of a 
thin AVoulf bottle with platinum elcctiodes and a theimometei for 
noting the temperature There is a glass tube leading to a condenser 
fitted with stop-cocks immersed in a-freezing-mixture, and a lamp- 
bank for modifying the hghtmg current Electrical measunng instru- 
ments are showm in this illustration, although the production of this 
interesting compound upon this plan hardly warrants the setting 
down of efficiency data Like the experiment with the cold acid, 



Fio, 68 — Evpi.rimcnt'vl Preparation of Solid Sulphur Tnoxide by the Electrolysis of 
Concentrated Sulphuric Acid 

the experiment is useful in demonstrating the composition of sul- 
phuric acid by elcctiolytic means Such a piece of appaiatus is 
very useful m conducting research work upon compounds when the 
mechanism of electrolysis is doubtful Foi example, m electiolysis 
wc may be obtaining a condensible gas fiom one of the electrodes, 
and It would be highly desiiable to obtain this gas m a liquid or a 
solid foim foi identification In a certain jnece of research work 
undertaken by the author, oxides of nitrogen were given off on elec- 
tiolys s, and it was convenient to pass the electrode gas through such 
a condenser immersed in liquid air, when the oxides of nitrogen con- 
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densed to a light-blue sohd, and were estimated in this form ’ Sul- 
phur dioxide, as is well known by all general chemists, can be lique- 
fied by passing it through such a condenser immersed m a simple 
freezing-mixtuie of ice and salt It is believed that, apart from 
introducing an experiment, or a method of preparing a compound, 
the description of special and useful apparatus will piove as valuable 
to the experimenter and investigator as many theories and their 
apphcations Having produced a number of typical electrolytic 
preparations in inorganic chemistry, we would neglect some very 
important apphcations of electiicity to chemistry, unless we piepared 
ceitain impoitant gases of commercial value 
Peihaps the first gaseous preparation should be 
that of ozone, and the following pages will 
theiefoie be devoted to this valuable pioduct 

THE ELECTRICAL PRODUCTION OF OZONE 
Ozone IS the chemical name apphed to a 
peculiar form of oxygen the exact nature of 
which is open to some little discussion, as it 
has been impossible to obtain absolutely puie 
ozone It IS always accompanied with ordinary 
oxygen, but there are good leasons for bchev- 
ing that ozone consists of three atoms of oxygen 
Three atoms of oxygen, occupying three vol- 
umes, therefore, combine to one molecule of 
ozone which occupies two volumes Ozone, ^9 — E'cpenmental 
accoidmg to this setemo ot fcimation, would 
be one-half as heavy again as ordinary oxygen, the atmosphere Dilute 
and expeiiments upon its rate of diffusion go su'phunc acid fills both 
to support this theory In the year 1783, rtarb'rrtf^hfcen: 
Von Marum noticed that oxygen upon tral tube 
being subjected to electiical discharges^ acquired an odor hke 
that experienced after the atmospheie had been subjected to an 
active electrical storm In 1840, Schoenbein called attention to 
the similarity between the odors produced when air was treated 
to electrical discharges, and the odors noticed when water was 
electrolyzed between platinum electrodes, or gold electrodes, for with 
the baser meta’s the production of ozone was not so marked The 
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prod'action of ozone was probably just as great, only it was largely 
expended in oxidizing the electrodes when they were not of platinum 
or of gold The same investigator also observed that a hke odor 
accompanied the slow oxidation of phosphorus, and also of sulphur, 
and that in each case a piece of filter-paper moistened with a solution 
of starch and potassium iodide was turned blue About the same 
time, two other investigators, Marignac and De la Rive, showed 
that ozone was only a changed condition of oxygen In 1852, 
Bccquercl and Fiemy demonstrated that pure oxygen could be 
converted into ozone In i860, Andrews and Tait called attention 
to the fact that a marked contraction in volume accompanied tlie 
formation of ozone from oxygen, and m the same year Soret showed 
that oil of turpentine absorbed ozone completely, and m this way 
determined its lelative density, confirrmng his results in 1867 by the 
method based on the rate of the diffusion of gases as aheady men- 
tioned Andrews suggested at this time that the substance piesent 
in the atmospheie which affected staich and potassium iodide paper 
was this modified form of oxygen We have already seen that ozone 
maj be obtained m the electiolysis of concentrated sulphunl acid 
between platinum electiodes Is this the most efficient and econom- 
ical way of producing it? It is not, for there have been designed 
and put into practice many forms of special ozone-generators of 
greater efficiency For laboratory purposes the generator as 
illustrated in Fig 69 has proven very useful Heie the apparatus 
IS shown in section in order that its several paits and then relations 
may be clearly seen and understood The tall outside cylinder glass 
IS filled with dilute sulphunc acid, one to ten, as well as the mnei 
chamber of the tube which is immersed therein Two platinum 
wires aic dipped respectively into the acid m the outer glass cyhnder, 
and in the acid in the inner tube Wlicn these platinum wires are 
connected to the secondary terminals of a good mduction-coil, the 
two portions of the sulphunc acid become electrified, and there is 
believed to be a stress set up which resolves ths oxygen molecules 
into its atoms, with a recombination to form molecules of ozone 
D17 air or dry oxygen is passed through the space between the two 
portions of acid, which space for most economical action should be 
as narrow as possible Another important condition is the tem- 
perature of the air or oxygen used It should be cooled down to a 
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low temperature before sending through, and should not be supplied 
too fast Fig 70 illustrates a special horizontal form of ozone ap- 



FlG 70 — Another Form of Ozone Apparatus Based upon the Same Prmciple The 
outer and inner tubes contain dilute sulphuric acid The inner tube is sealed 
up, only a small air-bubble remaining 

paratus based upon the same general principle The longer the tube 
and the greater the area exposed to the oxygen or air the greatci the 
ozonizing power of the appaxatus for a stream of an or oxygen of 
a given velocity and volume The ordinary chemical test for ozone, 
as has been intimated, is a damp mixtuie of starch and potassium 
iodide, preferably made into test-papei To make a good test-papei 
for oui work with ozone preparation, take 100 grams of starch 
and grind thoioughly in a mortar with 50 cubic centimeters of distilled 
water The thin paste is then poured into 250 cubic centimeters 
of boiling distilled water m a beaker, and one-half a gram of 
potassium iodide crystals are added and^ade to dissolve by stirung 
Nazrow pieces of filtei-papei are drawn through this solution with 
glass rods and hung up to diy When tliese pieces of papei are 
moistened, and exposed to ozone, they turn blue, but aie not affected, 
by oidinary oxygen The ozone abstracts the potassium from the 
potassium iodide, and sets free the iodine, which has the specific 
pi Opel ty of imparting a deep-blue coloi to starch Papers impieg- 
nated with manganese sulphate, lead acetate, or thallous oxide, 
become brown, in the first two cases by the formation of the peroxide 
of the metal, and m the last case from tlie formation of thallic oxide, 
under the .influence of ozone Thus it will be seen that ozone is 
an excellent and energetic oxidizing agent If ozone is passed into 
a solution of mdigo, the blue color will soon disappeai, since the 
ozone oxidizes the indigo, and gives use to products which, in a 
diluted state, are nearly colorless Ordinary oxygen is not capable 
of bleaching indigo in this manner If ozone is passed through a 
tube of vulcanized caoutchouc, this will soon be perforated by the 
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corrosive effect of the gas, while ordinary oxygen would be without 
effect upon it If 07onized air be passed into a flask with a little 
mercury in the bottom, the surface of the meicury will soon be 
tainishcd as the result of the formation of oxide, and when the mercui-} 
IS shaken around in the flask, it will adhere to the sides, which will 
not be the case with pure mercurjr, as is well known Let us look 
into other forms of ozone apparatus and the application of the 
electricity Fig 71 illustrates a simple Siemens tube, which is 



Fio 71 — Cross-section and Elevation of an Original Siemens Apparatus for the 
Production of Ozone from Atmospheric Oxygen The sulphuric acid is dis- 
placed m this tube by some metal not readily oxidized, such as tinfoil 

perhaps the simplest to construct m the laboratory Here we have 
merely an inner and an outfr tube as shown in the sectional view 
The inner tube is held in position by a good cork and is lined on 
the inside with tinfoil This tube is closed at one end by sealing 
off, and at the other end by a cork stopper through which a platinum 
Wire passes and makes contact with the tinfoil hnmg The outer 
tube has a side and end tubulure through which the air or oxygen 
gas IS passed This outer tube is coated with tinfoil on the outside 
with which electrical connection is also made A good induction- 
coil with a condenser of large capacity is employed with this apparatus 
as with the acid tubes In a lecture by Froehch he has given an 
account of the experiments which have been made in the ^laboratory 
of Messrs Siemens & Halske in Berhn for the commercial production 
of ozone The onginal Siemens ozomzing tube was like that 
illustrated, the two coatmgs bemg supplied with an altematmg 
current of high potential, while oxygen was made to traverse the 
annular space between the two tubes. It appears that only one 
dielectric is necessary, mica, celluloid, porcelam and the like bemg 
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available, as well as glass, and the ozone tube having either a metal 
tube within and a metal-coated non-conducting tube without, or a 
metal tube without, while the inner tube is made of the non-con- 
ducting material and lined with metal The metals to be used arc 
of couisc those which are not attacked by ozone, such as platinum, 
tin, or aluminium Cold water flows through the inner tube, and 
through the annular space pure, dry air Seveial such tubes may 
of course be combined into one system and be worked equally well 
with the altematmg cm rents, although for smgle tubes it is stated 
that direct currents operated by interrupters may be used to advan- 
tage The apparatus as described by Froelich in the German 
laboratory yields 2 4 milligrams of ozone per second Experiments 
have been made with a view of producing compressed ozone for 
technical uses, this having already been done on a small scale under 
a pressure of about 10 atmospheres One use of ozone especially 
sdwelt upon by Froelich is the oxidation of oiganic impurities m 
drinking-water Experiments with ozone upon water-supplies have 
been made in this country, nevertheless, for a long time In all 
productions of ozone it is very important to keep the temperature 
low, and the following experiment will serve to impress this fact 
upon the student If ozone be made to pass slowly through a glass 
tube heated in the center by a Bunsen burner, it will be found to 
lose Its power of affectmg starch and potassium iodide paper, the 
ozone havmg been reconverted into ordinary oxygen imder the 
influence of heat The formation of ozone may be compared with 
the production of hydrogen peroxide, and we may express this break- 
ing up of ozone symbolically Just as hydrogen dioxide, H2O2, 
may be regarded as formed by the combination of a molecule of 
water H2O, with an atom of oxygen, so ozone may be viewed as a 
combmalion of a molecule of oxygen O2, with an atom of oxygen. 
The breaking up by heat of ozone may, therefore, be expressed, 

2(002) =3(02). 

A temperature of 230° C is suflicient to completely bring about 
this breaking up of the ozone As we have learned, a given volume 
of oxygen diminishes when a portion of it is converted into ozone by 
the silent electrical discharge, and it regains its original volume 
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when the ozone is reconverted by heat It is of interest to note that 
the conversion of oxygen into ozone is attended by the absorption 
of heat, in othei words, it is endothermic The value of this heat 
absurption may be expressed thus 

302=203— 59,200 calories 

Ozone IS, therefore, a \ ery unstable body theoretically, and practically 
we find such a stale to be the case To work any one of the ozonizers 
economically in the laboratory the author has found it very convenient 
and satisfactory to first dry the oxygen or air by passing it through 
concentrated sulphuiic acid, and then through a long tin or lead 
woim immersed in iced water Chilled, dry oxygen of couise gives the 
richest yield of ozone A veiy efficient design of ozone-generator 
and one of easy manufacture in the laboiatorj is illustrated in con- 
nection with an induction-coil in Fig 72 This sunply consists of 
a large outer glass tube of any length, contammg a number of small 
thm-walled glass tubes closed by sealing off at one end Narrow 
strips of tmfoil are pushed into each tube, as indicated, and joined 
togethei in the manner of connecting up an electiical condensei 
A stream of chilled, dry air or owgen is passed thiough the laige 
tube Of course foi a large outer tube of gieat length a very 
powerful mduction-coil must be employed The adjustment of the 
size and length of tube to the induction-coil, the temperature, diy- 
ness and late of supply of air or oxygen, etc , make a very valuable 
set of conditions for the student to experiment with with a view to 
obtammg a combination for maximiun efficiency The electiical 
energy supplied to the coil should of course be measured, as well as 
every other chargeable item in the production of the body m question 
There are other ways of producing ozone electiically, although m 
point of efficiency they cannot be compared with those described 
Among the experiments in electrolysis yielding as one of tlje pioducts 
ozone, may be mentioned the electrolysis of aqueous solutions of 
nitric acid, hydrofluoric acid, sulphuric acid, and phosphoric acid, 
as well as solutions of potassium nitrate, potassium phosphate, and 
sodium sulphate Hydrochloric, hydrobromic, 01 strong nitiic 
acid do not produce ozone when electrolyzed Neither do aqueous 
solutions of metallic chlorideSi bromides, iodides, or ferrous sulphatCt 
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According to Houzean, the electrolysis of water furnishes only 3 
to 5 milligrams of ozone per liter When a given quantity of 
oxygen is subjected to the action of chaigcd surfaces, as presented 
m any of the foregoing descriptions of ozonizeis, only one-fifth, at 
most, according to Bloxam, is con veiled into ozone, but if the ozone 
be now removed by some substance which absorbs it, a fresh quantity 
of the oxygen may be ozonized The pioportion of ozone formed 
depends upon many conditions, the intensity and frequency of the 




Fig 72 — Efficient Type of Ozone Apparatus and Induction coil ■Assembled for 
Production 

electrical discharge, the pressure, quantity, temperature, etc The 
question of temperatuie m all ozone processes appears to be by far 
the most important According to the older researches, about the 
time 1880, 20 per cent of the oxygen becomes ozone at —25° C , 
and only 12 per cent at 20° C , the ordinary working tempeiature 
of a chemical laboratory At the temperature of boiling water, the 
pioduction IS but 2 per cent In more recently made determinations, 
1893, it IS stated that the production is 5 2 per cent at 20° C The 
matter of ozone production has occupied the minds of many inventors 
during the last few yeais, and many forms of commercial apparatus 
have been designed and constiucted to produce this gas upon a 
very large scale There are drum-shaped chambers containing 
many sets of stationary tinsel brushes arranged around the cylindrical 
Ulterior, with corresponding revolving sets of brushes to constitute 
the opposite pole, for example High potential discharges of vary- 
mg current strength have been experimented with m such pieces of 
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apparatus, and it has been found, to produce the best effects, that . 
high potential difference with small current and energy value must 
be used Probably this is due to the absence of heating effect with 
electrical discharges of small quantity A thick, heavy discharge 
appears to break up the ozone formed almost as rapidly as it is 
produced 

COMMERCIAL PRODUCTION OF OZONE AND ITS APPLICATIONS 

Among the early plants for the commercial production of ozone 
for its practical application may be mentioned two equipments in 
Germany, where ozone is used as a stenhzmg and oxidizing agent 
m connection with commercial water-works and supphes These 
plants are situated in Schierstein, near Wiesbaden, and in Paderborn 
respectively Ozone is weU adapted for water stenhzation and 
purification, being a powerful destructive agent to all organic matter 
both animal and vegetable Of its efiSciency there is no longer any 
doubt, as experiments conducted ovei a long space of time all go to 
prove its great efficiency The question lies in the cost entirely, 
and in order to secure figures of value upon tins question we must 
study a commercial working equipment The two German plants 
referred to were installed by the Siemens & Halske Company, of 
Berlin The plant at Schierstein is designed to sterilize 66,000 gallons 
of water per hour as a maximum This maximum output is called 
for only on occasions when exceptionally large quantities of water 
are requiied, while the average demands are about one-half of this, 
or 33,000 gallons per hour This plant is divided into two inde- 
pendent iimts, like hghtmg and power units, the one being in opera 
tion while the other is at rest The electrical generators installed 
furnish electricity for operating pumps for the air and water, and 
also for working the step-up transformers These transformers 
receive the current at a» pressure of 120 volts and supply, a current 
from the secondary winding, at a pressure of 8,000 volts the second- 
aries of course being connected with the ozone-generators The 
ozone produced by the action of this discharge is driven by fans into 
the stenlizing-towers, m which the ozone rises and comes m contact 
with tlie water flowing down The water is thus intimately mixed 
up with the gas, and is thereby purified and flows off to a reservoir. 
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In the ozonizer-room there are 48 ozone-generators mounted on 
stout shelves on both walls opposite an aisle, the battery being 
divided into two halves to be connected with the two generating 
units respectively Each half, therefore, contains 24 ozone pro- 
ducers or generators, and these in turn are divided into three series, 
of 8 ozonizers each, and each senes of eight is connected to the 8000- 
volt secondary winding independently We have, therefore, three 
sets of 8 ozonizers m series, connected in parallel to the secondary 
of the transfoimer One series of 8 ozone-generators produces a 
sufEcient quantity of ozone for one sterilization-tower The ozon- 
izers are of the Siemens-tube type, constructed of glass and metal, 
one pole being giounded on account of the method employed of 
coolmg the inner tube with water The connections to the positive 
pole, the pole which is not grounded, are well protected, so that 
It IS not possible for tire attendants to meet with accidents from the 
high potential Eight ozonizing tubes or generators are contained 
in an iron box, the uppei, lowei, and front sides of which arc provided 
with heavy glass windows The ozonizer-room is usually kept 
daikcned, and the attendant whose duty it is to enter it secs at once 
from the blue light passing through the glass windows of the ap- 
paratus whether it is working satisfactorily or not As all the metaUic 
parts connected to the 8ooo-volt poles are carefully protected on the 
one hand, and grounded on the other, there is little danger of a fatal 
accident The stenlizing-room in this plant contains two series, 
each of four towers, of brick Each tower is divided into four 
sections by two partition walls perpendicular to one another These 
towers are filled with a coarse gravel through which the water trickles 
on its downward flow, presentmg a great surface to the action of 
the ascending ozone Through the combined four sections of each 
tower, 11,100 gallons of water are flowing downward per hour, 
while in the same time 2800 cubic feet of ozonized air pass upward 
through the gravel For the operation of each half of the plant, 
sterilizmg 33,000 gallons of water per hour, 50 horse-power are 
required, of which 27 horse-power are used for the ozonizers, 22 
horse-power for the pumps, and i horse-power for various minor 
purposes The cost of the process at Schierstein is o 35 cent per 
cubic meter of water sterbzed, o i cent being the cost of the coal 
required for the operation of the ozonizing apparatus To this 
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must of course be added the usual interest on the money invested 
m the plant, and the cost of dcpieciation and rcpaiis Tins par- 
ticular plant has to operate pumps in addition to its eleetncal appaia- 
tus, uhich is very unusual, and can be deducted fiom the cost in 
. Imobt any other water-works Tests of the sterilized water, made 
by leadinjr German chemists and bactenologists, proved that the 
sterilization process by means of this apparatus is in every way 
successful so fai as the annihilation of germs and bacteria is concerned 
The process has therefore been shown to be well adapted to the purifi- 
cation of dunking- water The installation at Paderboin is similar 
to that at Schierstcm, with the exception of the stenlizmg-towcis 
The puiificd water m this plant is allowed to flow off in the toim 
of a cascade, in oidci that the contained ozone dissolved may be 
liberated and given off Ihe cost of purifying a cubic meter of 
watei m this equipment is placed at 04 cent, including interest, 
deprceiilion, wages, etc 

Apparatus has been designed, and constructed, and tested at 
Niagara Falls in this country, using an electrical discharge undei 
d potential diifercnec of 50,000 volts against the 8000 employed at 
the Gciman works Ozone produced with this equipment was 
passed through two pipes to a water-stcrilizing-towcr partly filled 
with broken lock, one supgly-pipe entering the bottom and the other 
the top of the tower The water flowing through the tower down- 
waid meets with the gas fiom all sides, above and below, and is 
puiified by its contact with the several ozone streams It is claimed 
that 30 to 40 horse -power arc sufficient to sterilize 6000 tons of water 
daily Some interesting experiments have been conducted by 
Waiburg, who inyTstigated the production of ozone by discharges 
in a closed volume of oxygen In this case the formation of ozone 
has a limit which vanes widely with the conditions of the experiment 
Besides the o/onizmg effect of the eleetncal discharges, there exists 
also a contrary effect ,wliich counterbalances the pioduction after a 
tune Since for the limited duration of the ozonizing process the 
spontaneous decomposition of the ozone is negligible, it follows that 
the electiic discharge itself must produce the contrary effect In 
endeavoring to obtain a measure of both'' effects, Waiburg starts 
from the assumption that the ozonizing effect is proportional to the 
number of molecules of oxjgen present, while the decomposition 
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IS proportional to the number of ozone molecules pie&ent There 
IS a decided diffeience between the beha\ioi of a positive discharge 
and that of a negative discharge, the maximum peicentage of 
ozone pioduced, accoiding to Waiburg, is about thice limes as high 
foi negative as it is foi positive discharges If aftci the negative 
maximum is reached, the mixture is subjected to the positive dis- 
chaige the peicentage falls to the positive maximum The de- 
composing actnity is the same for positive and negative elccti icily, 
but the ozonizing action itself is three times higher foi negative 
ekcti icily The effect of temperatuie upon both discharges is the 
same The author has not vciified these data, but introduces them 
as the work of. a careful and reliable expenmentcr If partly ozonized 
oxvgen IS leit to dself, the propoition of ozone decieascs, according 
to Warburg, in an interesting mannci for diffeicnt conditions This 
decieasc is known undei the name of spontaneous deozonization, and 
may be due to a gieat variety of causes The expciimcnter leterred 
to points out that since the amount of ozone at 200° C in a state 
of equilibrium is inappreciable, such cquihbiium can be attained at 
oidmaiy tcmpeiatuies only by complete dissociation of the ozone 
The factors bunging about this dissociation may be external, as 
for instance, a contact with foreign bodies or with the walls of the 
vessel, 01 they may be internal and due to the collision of two 
molecules of ozone, 01 of a molecule of ozone with a molecule of 
oxygen Waiburg formulates a mathematical theory of the process, 
and finds by suitable experiments that the internal effects aie almost 
entirely due to collisions between the ozone molecules themselves 
Heat increases this internal disintegration much moic rapidly than 
It docs the external piocess, and it becomes the chief agent at high 
tempciatures The expeiimenter in question finds that moisture 
maxes no diffeience in the stability of ozone at 100° The vaiious 
forms of ozone-generators suggested and m use to-day would till a 
volume in themselves, and it is believed thaA the fundamental prin- 
ciples and typical forms intioduced hcie will be a sufficient guide to 
the student who wishes to experiment with this inteiesting and 
valuable modified condition of oxygen In the next chapter another 
gaseous product will be dealt with of no less scientific inteiest or 
technical value This will pertain to the electrical production of 
nitiic acid from the atmosphere 
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THE PRODUCTION OF NITRIC ACID FROM THE ATMOSPHERE 
WITH HISTORICAL NOTES 

We know, as general chemists, that nitric acid is one of the most 
important of all chemical compounds, and that it is usually obtamed 
from potassium nitrate, which is obtained as an mcrustation upon 
the surface of the soil in hot and dry climates, as m certain parts of 
India and Peru The salt imported for the chemical production of 
nitric acid from Bengal and Oude consists of potassium nitrate, 
while the Perunan or Chilian saltpeter is sodium nitrate Either 
of these nitrates serve for the production of this important acid 
On a small scale m the laboratory, nitric acid is prepared by the 
distillation of sodium or potassium nitrate with an equal quantity 
by weight of concentrated sulphuric acid The decomposition of 
potassium nitrate by an equal weight of sulphuric acid is represented 
by the following chemical equation 

EN03+H2S04=HN03+KHS04 

It would appear from a study of this equation that one-half of the 
sulphuric acid might be saved, inasmuch as one molecule could be 
made to decompose two molecules of potassium nitiate as follows 

2KNO3 + H2SO4 “ 2HNO3 + K2SO4, 

but It is found that when a smaller quantity of the sulphuric acid is 
used a very much higher temperature is necessary to bring about the 
complete breakmg up of the saltpetei, and that much of the nitric 
acid is decomposed, and the normal potassium sulphate, K'2S04, 
which IS the final result, is much more troublesome to get into solu- 
tion in order to remove it from the retoit or still For the prepara- 
tion of large quantities of nitnc acid sodium nitrate is used mstead 

iSo 
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of the more costly potassium mtrate The chemical production of 
mtnc acid dates back to very early times Geber, the old Arabian 
alchemist, produced this acid by distilling saltpeter, copper vitriol, 
and alum As early as the thirteenth century, Raymund Lulhus 
descnbed its preparation by distiUing saltpeter with iron vitriol 
Glauber, in the seventeenth century, produced it by the same method 
as IS employed to-day, that is by the distillation of potassimn or 
sodium nitrate with sulphuric acid Cavendish, in his studies of 
the atmosphere, showed that it consisted of a mixture of oxygen and 
mtrogen Although these elements in their pure condition show 
no attraction for each other, five distinct compounds of oxygen and 
mtrogen are prepared m various indnect ways These compounds, 
which should be famihar to all of us who have given attention to 
general inorganic chemistry, are as follows 

N2O, nitious oxide, 

NO, nitric oxide, 

N2O3, nitrogen trioxide , 

NO2, mtrogen peroxide, 

N2O6, nitrogen pentoxide 

When a succession of powerful electric sparks were made to pass 
through dry air m a flask, a red gas,.N02, nitrogen peroxide, was 
formed, and when these discharges were allowed to take place in the 
presence of moisture, this gas was absorbed and converted mto a 
mixture of nitrous and nitric acids, 

2NO2+H2O =HN02-f-HN03 

If instead of water we place in tlie flask a weak solution of potassium 
hydroxide, instead of obtaining the mixed acids, we obtain the two 
salts, potassium nitrite, and potassium nitrate 

HNO3 -t- KOH =KN 02 4.H2O, 

HNOg-fKOH^KNOa+HaO 

By evaporating to dryness such a solution, we obtain a saltpeter 
consisting of potassifbn mtrite and potassium nitrate, and if we 
distill this product with strong sulphuric acid we will obtain nitric 
acid Cavendish went through this process and prepared the above 
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compounds without difficulty If the experiment ot passing spaiks 
through ail (for best cttects the air should be mixed with some pure 
oxjgen) bt repeated in a U tube having one of the vertical limbs 
of the tube provided with a stoppered globe into ivhich the two 
spailcing wiies me sealed, and wc fill this system, all but the globe, 
with watei coloied blue with htmus, the solution will be reddened 
iiy the acids foimed, and the an in the globe wnll be found to dimmish 
in volume Fig 73 shows this foim of “U ” tube and the arrange- 



Fig 73 — Special Form of U Tube for Showing Absoiptioii of the Oxides of Nitrugea 
by Watei, 

ment of the experiment The blue litmus solution is placed in. the 
tube with the stopper in place so that we will have a dffieience m levels 
as indicated in the illustration A httlc scale, as shown at the left, 
assists us in determining the duninution in volume when the oxides 
of nitiogen combine with the contained water This formation of 
oxides of mtiogen may be legarded as the combustion of nitiogen in 
oxygen due to the landlmg effect of the elcctiic spark A simple non- 
electrical cxpciiment to illustrate the probable combustion o| nitrogen 
in oxygen may be performed by igniting a piece of magnesium ribbon 
m a tall glass jar of carefully diied air If such an expeument be 
pci formed and one looks down into the jar red fumes may be seen 
and the presence of oxides of nitiogen may be shown by diawmg the 
contents of the jar through a mixture ot potassium iodide with starch 
and acetic acid, when the iodine will be set free, which blues the 
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Starch This cxpeiuncnl makes it appear likely that the electric 
spark causes the combustion of nitrogen in oxygen on account of a 
kindling effect When ozonized air is passed into water nitric acid 
IS found in solution It has also been shown that rain-water contains 
about one part per million of nitric acid When hydrogen gas, 
mixed with a small quantity of nitiogen, is burned, the water collected 
as the result of the combustion is found to be slightly acid, due to the 
piesence of some nitric acid, due to the combination of the nitrogen 
with the oxygen of the an under the high Icrapcrature of the burning 
hydiogen With the lecording and appieciation of such cxpeiiments 
a new method of picpanng nitric acid began to dawn upon chemists 
in general In the yeai iS'jg, Newton produced nitiic acid fiom 
the atmosphere by constructing a modified form of U tube and 
bulb, differing from that already illustrated only m the shape of the 
chamber Newton employed a moie spacious design of chamber 
for the air and watei into which he inserted his spaiking wires 
Means were provided in this chamber foi sending in a fresh supply 
of au and for allowing the acidulated water produced to lun off 
Prim, in 1882, modified this arrangement and used both a silent 
electrical discharge and a senes of spaiks to bung about the combina- 
tion of the nitrogen with the oxygen present in a chamber In the 
year 1892 Sir William Ciooks produced what he termed an electric 
flame, thiough the agency of a high voltage alternating electric cur- 
lent dischaige between pieces of platinum, and by its means brought 
about the combustion of nitiogen m oxygen Lord Rayleigh and 
Piofessor Ramsay employed such a flaming aic in a number of then 
leseaiches upon the atmosphere m connection with the oxidation of 
nitiogen They employed an alternating curient stepped up to a 
difterencc of potential of 8000 volts Loid Rajlcjgh in Ins woik upon 
the pioduction of mtne acid fiom the atmosphere employed a spheiical 
glass chamber with a capacity of about 50 liters in which could be 
maintained a fountain of sodium or polassyim hydioxidc solution 
Into this chamber an and oxygen weie slowly pumped containing 
a flaming dischaige between platinum teinunals It is stated that 
Lord Rayleigh pioduced with this equipment about 40 giams of 
nitiic acid per hour with the expenditure of about one elcctiical 
horse-power in energy McDougall and Howies describe an equip- 
ment for producing nitiic acid from the atmospheie, and its per- 
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formance, which is of special interest to the student in this line of 
work They outline an alternating current-generator with a fre- 
quency of 6o, equipped with two separate armature circuits One 
of these windings delivers a current of 24 amperes at 200 volts 
pressure, and the other 12 amperes at 400 volts pressure The 
current of this alternator, from either winding at will, can be led to 



Fid 74 —Stone ware Pipe used as Combustion Chamber for Producing Nitric Acid 
from Atmosphere 

a step-up transformer with a ratio of i to 40, so it will be seen that 
a voltage at the secondary windmg of the transformer of either 
8000 or 16,000 volts may be obtained The current m the primary 
of the transformer may be very closely measured by inserting an 
ammetei, and through the agency of a voltmeter at the terminal of 
the alternator the initial electrical pressure can be recorded A 
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wattmeter was also mcluded in the primary circuit by means of 
which the readmgs of the voltmeter and the ammeter could be checked 
and the energy consumed m the flaming discharge could be ascer- 
tained An early form of combustion chamber equipped with 
platmum-iridium electrodes for the production of mtric acid from 
the atmosphere with this electrical equipment, consisted of a stone- 
ware pipe of the shape depicted m Fig 74 Air is drawn through 
this chambei during the time of an electrical discharge, and the 
oxidized nitrogen is drawn through a series of Woulf bottles con- 
tammg either water, 01 a solution of sodium hydroxide Instead 
of employing the Woulf bottles a scries of towers may be employed 
to great advantage, each tower containmg broken glass for the 



Fig 75 — Modified Form of Combustion Chamber for the Production of Nitric Acid 


water to run over and cause it to piesent a great surface for absorp- 
tion to the oxides of nitrogen which are made to pass through We 
can produce a solution of sodium nitrate, or free acid, at will with 
this equipment The foim of the combustion chamber itself under- 
went numerous evolutions, one or two of the shapes being given here 
as a matter of mterest and guide to the student Fig 75 shows one 
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of these modifications This chambei consists of a large stoneware 
bottle with vertical supply and outlet tubes foi the gases Loid 
Rayleigh showed that these combustion chambers should be quite 
spacious, in other words, that theie should be a considerable amount 
of room about the flaming discharge If the an is not passed thiough 
at a certain maximum rate, the oxides of nitiogen formed will be 
broken up again by the discharge, very much like the behavioi of 
ozone when subjected to heat after its formation The oxides of 
nitrogen should be removed fiom the field, or influence of the arc as 
soon as possible for high efficiency in yield A too rapid supply of 
air causes the electrical discharge to become unsteady, and a looS m 
efficiency results Some interesting and valuable data were obtained 
on nitric acid from air by McDougall and Howies using various 
forms of combustion chambers, and supplying the electricity under 
differ ent conditions Fig 76 is another fonn of combustion chamber 



as described in the work of these experimenters They varied the 
forms and sizes of the chambers, keeping the electrical conditions 
constant, and kept the forms of combustion chambers constant. 
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and varied the character of the electrical discharges, making quanti- 
tative determinations of the mine acid obtained in each case By 
varying the cuirent value in the secondary ciicuit of the transfoimer, 
keeping the voltage constant, these experimenters weie able to vary 
the temperature of the flaming discharge, and to study its effect upon 
the yield of nitric acid produced They formulated the following 
table which bnngs out the fact that a high temperatuie discharge is 
unfavorable to high efficiency, and consequently we can produce 
more acid with a fewer number of watts, or, in other words, with less 
electrical horse-power 


Watt', Used 
in Flame 
3Q2 

225 

172 


Current Used in 
Flaint. 

3 to 38 irapcre 
2 “ 25 “ 

IS “ 2 “ 


Yield of Acid per H P 
180 grams 
270 “ 

300 “ 


Too great a decrease m the current value of the flame caused the 
flaming arc to become unsteady and liable to extinction The 
production of mtiic acid by these cxperimenteis with the foregoing 
electrical equipment and design of chambers, at the rate of 300 
grains of nitric acid per horse-power for twelve hours, represents 
51 5 pel cent of the amount theoretically obtainable from the amount 
of air supplied This result compares very favoiably with the 
figures obtained by Lord Rayleigh, working with a mixture of oxy- 
gen and nitrogen in the proportion of two volumes of oxygen to one 
volume of nitrogen, when he obtained 440 grams of nitric acid 
in the same time and with the same consumption of clectiical energy 
When oidinary air is used in these chambers, the theoretical pio- 
poitions of oxygen and nitiogen for the production of the oxide 
are diluted with an excess of nitrogen, which of couisc is detrimental 
to the best effects An experiment was conducted in one of these 
chambers with a mixture of pure oxygen and nitrogen gases in the 
proportio^n of one volume of oxygen to two, volumes of nitrogen, and 
the yield was 590 grams of acid To study tlie effects of tem- 
perature upon the rate of oxidation, the air supplied to the com- 
bustion chamber was raised in temperature by passing it through 
a porcelain tube packed with asbestos, around which a heating 
coil of platinum wire was wound On passing a strong current 
of electricity through this wire in the tube, the entire system was 
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elevated in temperature to incandescence, and the air after passmg 
through was immediately treated in the flaming discharge Tins 
porcelain tube was cemented directly into die stoneware combus- 
tion chamber A marked decrease in the yield of nitric acid was 
noted with the same supply of energy This behavior is entirely 
in accord with the behavioi of air when treated to form ozone 
Kowalski desenbes his apparatus and method for producing mtric 
acid from the atmosphere, and states that the yield of product is 
largely dependent upon the frequency of the alternatmg cuiTent 
used for the flaming discharge At high frequencies the best re- 
sults are attained Kowalski and Mosciclu, workmg with an 
alternating current with a frequency between 5000 and 6000 cycles 
per second, obtained 43 5 grams of nitric acid per kilowatt hour 
with an amperage in the secondary of 2 They have also con- 
firmed the work of McDougall and Howies and others, that the 
amperage in the secondary of the transformer has a direct bearing 
upon the yield, and that for high current strength the yields of acid 
are not so great The present writer has also fully confirmed this 
statement Kowalski and Moscicki also found that the mfluence 
of the length of the flaming discharge is decided With a current 
m the secondary of only 05 ampere and a difference of potential of 
50,000 volts, and a frequency of 6000 to 10,000 cycles per second, 
they obtained a maiomum yield of nitrous vapom for the energy 
employed They have obtained fiom 52 to 55 grams of nitric acid 
per kilowatt hour, which yield could be nearly doubled by addmg 
about 50 per cent of pure oxygen gas to the air employed m the 
combustion chamber The work of Bradley and Love3oy for the 
production of nitric acid from the atmosphere upon a large scale is 
especially noteworthy They pomt out tliat whereas the silent 
electrical discharge, and the spark or disruptive discharge can 
cause the combmation of oxygen and nitrogen gases, they have but 
feeble capacity m pomt qf eificiency, which is also tile case with the 
ordmary arc To obtain the best results they pomt out, as a result 
of lengthy researches, that it is necessary to employ an arc divided 
into numerous thin and flat subdivisions m order to present a large 
surface for a small amount of electrical energy This work is only 
m keepmg with that of previous experimenters They point out that 
the thinner the arc the greater the efliciency of the process up to 
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the point where the arc breaks It is necessary for best efiects to 
greatly subdivide the current by arranging the arc circuits in par- 
allel In the experimental apparatus of Bradley and Lovejoy, they 
employ a direct current of 75 ampere at a pressure of 8000 volts, 
which can be increased to several ampers at 15,000 volts There 
are 138 arcs between which this current is divided, each of which 
IS made and broken by a revolving mechanism 50 times per second 
Each arc has a current value of only 005 ampere The arcs are 
all produced successively, and not at one time, by a special arrange- 
ment of the wire electrodes on the revolving drum which carries them 
In their recent apparatus tliere are 6900 arcs formed and extinguished 
per second, each arc lasting only for the biief period of 1/20,000 of 
a second As each little arc tends to increase in volume, due to 
increased conductivity as soon as it is formed, the tendency to short 
circuit the others is avoided by placmg inductance-coils in series 
with the arcs These small inductance-coils are so designed and 
calculated that during about 1/40,000 of a second they delay or im- 
pede the flow of the current, thereby preventing a rapid growth 
of the arc, and during the succeeding 1/40,000 of a second, while the 
arc IS being drawn out by the revolving-drum carrier, it sends an im- 
pulse which increases the current flow and so prolongs the arc 
,With a difference of potential of 8000, and about i /200 of an ampere 
of current, the arcs are drawn out 4 to 6 inches, and the oxygen and 
mtrogen treated to this discharge As in the production of ozone, 
the molecules of nitrogen oxide must be removed from the field before 
the atoms of oxygen and nitrogen dissociate, and this point is 
especially remarked upon by these later investigators The appara- 
tus installed at Niagara Falls by Bradley and Lovejoy is about 
5 feet high by 4 feet in diameter, built of iron of cylindrical form 
Six rows of inlet wires, well msulated by porcelain sleeves, enter the 
sides of this chamber The terminals of the electrodes are of plati- 
num wire, turned downwards to spread out the arc m a thin flat 
discharge In the center of the iron cylinder is a shaft vertically 
arranged, carrying a series of 23 radial anns, corresponding to the 
23 rows of points which enter the sides, there being six radial arms 
in each plane These* radial arms are each tipped with platinum 
wire, which come within 1/25 of an inch of the platmum wires of the 
opposite stationary poles As the two platinum wire points approach 
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upon the turning of the shaft, a spark jumps a gap of about ^ of 
an inth to meet the appioaching platinum point, and then the aic is 
diavni out from 4 to 6 inches by the letieating point until it breaks 
If it WQxe. not for the little induetance-cbils in senes with these aics, 
it IS evident that wc would have a comparatively heavy arc at the 
time of foiniation, increasing as the points come nearer together 
Each of these coils is immersed in oil, and is 5 inches in diameter 
by 12 inches long, and contains several thousand turns of fine in- 
sulated wire The central shaft canying the moving elcctiode 
points, is turned at the late of 500 revolutions per minute, and 
takes a little ovei i horse-power The cfficiencv of this piece 
of apparatus is stated to be i pound of nitric acid, pei 7 elec- 
trical horse-power per houi Carefully diied air is used in this 
combustion chamber, wduch is protected by a coating on the inside 
of asphalt larnish If moistuic W'as present in the air, nitiic acid 
would be fomied within the chamber, and would in time lead to 
serious coirosions The oxides of nitrogen are led to a tower doivn 
and through which water trickles, for the production of mtric acid, 
01 a solution of sodium hydioxide, foi the production of sodium 
nitiatc It has been suggested that milk of lime be made to flow 
through one of these towers foi the production of calcium nitiatc 
foi fertilizing purposes This is reported to be a clieapci method 
of getting nitrogen into the soil than bv using sodium nitiate, with 
lime, at $i 50 per ton The present writer has expenmented with 
both ozone production and nitiic-acid production, employing volt- 
ages as high as 250,000, and is able to confirm the results of these 
cxpcrimcnteis from his own note-book This field is one of great 
charm to the student of electrochemistry, and a few concise details 
as to methods of producing nitric acid from the air may piove 
welcome to him Although the foregoing work by others m this 
line will give the student the fundamental pnnciples involved, and 
the basic infoimation upon which to experiment, a few specific 
directions may not be out of order Let us construct ourselves 
a simple piece of apparatus of our own design for producing nitric 
acid by electneal means for use m the laboratory or lecture-room 
Fig 77 shows a simple and easily constructed design of chamber 
for rotating electrodes, and which has proven most satisfactory in 
the laboratories of The George Washington University, where it 
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a lumber mill, and two wooden side plates securely screwed against 
the sides The chamber was carefully protected on the inside by 
several coats of acid-proof paint The steel spindle which cariies 
the hub into which the fom electiodes aie screwed, is supported, and 
turns into holes drilled in two disks of hard rubber, screwed against 
the sides of the casing The wood of the casing is cut away at the 
center so the steel spindle constituting one pole of the high-tension 
alternating current IS in contact with hard rubber only These 
circular openings in the wood are 6 inches in diameter, and the 
diameter of the hard-rubber plates screwed against the sides is 
inches The stationary electrode which protrudes through 
the top in a vertical position is connected to the other terminal of 
the high potential transformer, and is carefully insulated from the 
wooden casing by passing through a hard-rubber tube There is 
a brass commutator wheel on the outside, as shown, upon which a 
brass brush rests, which is in turn supported by a hard-rubber block, 
as shown A hard-rubber grooved pulley is on the end of the shaft 
for the belt of the driving motor On no account construct this 
apparatus without the generous use of hard rubber, for in our ex- 
perimental work it may be desirable to increase the voltage to 16,000 
or to even 32,000, and ordmary wooden insulation would be value- 
less as an effective msulajtor An mlet and outlet tube must be 
provided, as shown, for the air-supply, and a little glass wmdow 
should be provided to enable us to see the condition of the electrical 
flame within Fig 78 shows this piece of apparatus assembled in 
connection with a transformer for high potential electrical discharges, 
a dnvmg motor for the electrodes, a foot-bellows for air-supply, and 
a Woulf bottle for the absorption of the oxides of mtrogen m 
either water or caustic soda The mechanical and electrical con- 
ditions set down in one experiment with the present equipment 
are as follows 

Revolutions perounute of electrodes 150 

Alternating current cycles per second 6^ 

Complete reversals therefore, per second 120 

Voltage at secondary of transformer 10,000 

Amperage in flaming arc 1/25 

Jump gap when electrodes were opposite each 

other in fraction of an inch * r/i6 

Length of flaming arc at time of breaking by 

being drawn out, in inches 3J 

Appearance of flaming arc Pale yellow 

Type of transformer Oil immersion 
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With these conditions the yield of nitric acid was excellent, tailing 
in the air at the temperatuie of the laboiatorj' This apparatus 



was operated under vanous conditions and the oxides of nitrogen 
estimated in several ways. In the place of the Woulf bottle, XT 
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tubes were substituted in several runs, wliicli were immersed m large 
beakers of liquid air, when the oxides of nitrogen were condensed 
to a light-blue solid and estimated in this foim It is believed that 
the construction and operation of this piece of apparatus will fully 
repay the student having at hand the necessary high potential 
electrical discharge for the production of nitric acid. 



CHAPTER XI 


THE ISOLATION OF THE METALS SODIUM AND POTASSIUM 

By giving specific attention to the metal sodium in this chapter 
we will also be covering in a general manner the means employed 
for the isolation of potassium We will, therefore, refer to sodium 
in this chaptei, and it will bo understood that potassium may also be 
isolated by similar apparatus introduced and used under like con- 
ditions Sodium IS much cheaper than potassium, as it is well 
known by all chemists, because of the greater abundance of cheap 
sodium salts As we learned in the opening chapter Sir Humphry 
Davy was the first to obtain metallic sodium through the agency of 
the electric current and a mercury cathode We know that sodium 
IS one of the most abundant of all chemical elements, and that it occurs 
in immense quantities in combination as rock-salt deposits in saline 
springs and in sea-water Sodium also occurs in the form of 
nitrates, boiates, carbonates, etc , etc 

The cheapest source of sodium is, of course, from sodiiun chloride 
or common salt Rock salt forms very considerable deposits in 
many regions Among the most important are those at Northwich, 
in Cheshire, England, where very large quantities are extracted by 
mining processes 

Sodium has been prepared by an ordmary chemical process by 
reducing its oxide by carbon at a white heat The following chemical 
equation mdicates the character of the reaction 

Na20-fC=Na2+CCl 

This old process was worked by taking 30 lologiams of dry 
sodium carbonate, 13 kilograms of charcoal, and 3 kilograms of 
chalk These were thoroughly mixed together, calcined, and intro- 
duced into iron cylinders heated in reverberatory furnaces At 

165 
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a bright red heat the sodium distills o\cr and is collected m suitable 
receivers It is puiified by redistillation, and then melted under 
petroleum into mgots which are preserved under naphtha or other 
suitable hydrocarbon 

Another chemical process devised by Castner, consisted in reduemg 
sodium hydroxide by heating it to a temperature of 850° C with an 
intimate mixture of finely divided iron and carbon prepared by 
mixing the iron with molten pitch These old chemical methods 
have been entirely replaced by electrolytic processes, and it is the 
purpose of this chapter to outline the principle upon which the 
electrochemical method is dependent As we have learned, the 
electrolytic decomposition of sodium and potassium hydroxides led 
to the discovery of these metals Sir Humphry Davy, writing in the 
Philosophical Transaction in 1810, describes his research as follows 
“By means of a stream of oxygen gas fiom a gasometci applied 
to the flame of a spirit-lamp, which was thrown on a platina spoon 
containing potash, this alkali was kept for some minutes in a strong 
red heat, and in a state of perfect fluidity The spoon was preseived 
in communication with the positive of the battery of the power of 
100 of 6 inches, higlily charged, and the connection from the negative 
side was made by a platina wire ” 

This method of Sir Humphry Davy, altliough theoretically ' 
attractive, does not work v'ery smoothly in practice and we will see 
that very special precautions must be taken in order to get a satis- 
factoiy yield of either metallic sodium or potassium Many modifi- 
cations of this classic experiment have been made, among which 
may be mentioned the use of a platinum dish containing a strong 
solution of potassium hydroxide and metallic mercury in the bottom, 
which IS connected to the negative electrode of a suitable battery 
AVc have here the dawn of the practical processes which followed 
where the containing vessel is made the cathode in electrolysis 
One of the earliest dcsig»is of commercial apparatus is thapof Charles 
Watt, which IS described in his specifications in 1851 The following 
account is from his own specificaPons “The second part of my 
invention consists of a mode of preparing orpbtainmg the metals of 
the alkalies and alkaline earths by the united action of electricity 
and heat, For performmg this part of my invention by the united 
acbon of electricity and heat, I employ a vessel [of the form shown 
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in Fig 79], which is made of iron or other suitable material capable 
of bearmg a full red heat In. this figure A is the vessel, which 
should be at least onc-half an inch thick, and, if made of iron, previ- 
ously to its being used should be coated over its exterior with clay 
or other substance to preserve it from the action of the fire, £, 
movable head for the collection of the metals, C, electrodes, -with 



Fig, 79 — Watt’s Electrolytic Cell for tlie Production of Sodium md Potassium 

their attachments jE, D, flanges to support the vessel upon the furnace 
The covered compartment F, being that in which it is intended to 
elimmate the metals, is supplied with a carbon electrode and the 
uncovered compartment is supplied with^a gold electrode, but I 
wish It to be understood that I do not restnet myself to the particular 
form of apparatus, or to the material to be used for electrodes The 
vessel IS filled with diy salme matter, so that when it is m a state of 
fusion it shall reach the dotted hues [the author has shown a full 
black line drawn across the intenor of the cell], the partition keeps 
the eliminated substances from reacting on each other, and also 
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excludes air from the compartment m which the metal is eliminated, 
the access of which would cause the metal to be oxidized The 
vessel IS placed m a furnace where it can be subjected to the action 
of a full red heat, and when the saline matter is in a state of fusion 
contact IS made between the decomposing vessel and the apparatus 
supplying the electiic current oi currents, the intensity of which 
should, at least, be equal to that which would be supplied by lo cells 
of Darnell’s battery arranged foi intensity, but, of course, this depends 
upon the nature of the salt which is being decomposed The fused 
salt IS maintained at that temperature which will ensure the instantane- 
ous volatilization of the metal as it is eliminated, and a proper receiver 
(such a one as is usually employed for the preparation of such metals 
will answer) is connected an -tight with the narrow tube projecting 
fiom the head The metal is received and preserved in any con- 
venient fluid hydrocarbon The salts which I usually employ are the 
clilondes, iodides, or bromides of the metals of the alkalies or alka- 
line earths ” 

This historic piece of apparatus proved to be absolutely worthless 
in commercial practice, for it is impossible to successfully distill such 
metals m a. retort chambei of this peculiar design There aie 
many weak features about tins apparatus which condemn it foi all 
serious uses The gold anoclp, apart from its prohibitive cost, would 
have but a short existence in a fused electrolyte such as he describes 
where it would be subject to the action in addition of nascent chlorine 
gas. Numerous foims of sodium and potassium cells had their rise 
and fall, the majority of them being designed without a suitable 
knowledge of the severe conditions and requirements for the success- 
ful preparation of these metals One of the early workable designs 
for a practical sodium cell was that of Borcher, which is illustrated 
in Fig So The melting-vessel A had an opening surrounded by the 
socket tube B, and two other openings with tubular necks C The 
double socket, which consists of a porcelain tube £, fits into J:ne socket 
as shown, and this receives and supports tlie upper chamber with its 
electrode and side tube This electrode is an iron lod, which is made 
the cathode of the cell, and is immersed to a proper depth in the 
fused electrolyte The anode B is oi carbon, and is supported m a 
porcelain chamber provided with a side tube, as shown at G The 
sodium separates upon the lowei pait of the cathode and floats 
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upward, where it is allowed to overflow through the side tube 'and 
IS collected in a suitable vessel containing a hydrocarbon An 
equivalent of chloime is set fiee at the anode and escapes by the side 
tube G, where it is either allowed to escape into the atmosphere or 
be utilized for the pioduction of a by-product This particular piece 
of apparatus was designed to take a current varying between 30 and 
50 ampeies, and returns a yield of about 65 per cent of the weight of 



Fig 80 — Borclier’s Design ot Cell for the PioducUon of Sodium and Potassium 

sodium theoretically obtainable The piuicipal objection to be 
urged against this apparatus of Borcher is its lack of durability and 
costliness of its parts It is well known that cast iron has but a 
limited existence when subjected to the action of alkaline chlorides at 
a red heat The porcelain tube B, which insulates the cathode com- 
partment' fiom the electrolytic cell is rathci mtricate in its design 
Aldiough it would be out of place heie to give such a minute and 
detailed account of the evolution of the sodium cell as will be found 
in special works treating the subject of electrometalluigy from the 
commercial point of view, a brief rev ew of the governing requirements 
will be given In many of these pieces of apparatus, metallic sodium 
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at Jiigh temperatiiie and porcelain are bi ought into direct contact, 
and there must necessarily be a loss of sodium lesulting from the 
action of the hot metal upon the aluminum silicates of the porcelain 
According to Borchei , the following conditions must be observed in the 
successful design of the electiolytic cells for sodium 

1 “A refractoiy metal only may be used as a material for a 
cathode, preferably the better sorts of iron 

2 “The alkaline metal must be collected m, and conveyed 
from, the cathode cell without commg mto contact with any reducible 
substance 

3 “The walls of the cathode chambei may be made to serve also 
as cathodes, but in that case they must not be in contact with the 
electrolyte on the outci surfaces 

4 “The anode must be made of carbon 

5 “The anode compartment must allow of an easy escape for 
the halogen, and its walls must be made of some mateiial that will 
withstand the action of the halogens and haloid salts 

6 “The walls of the anode compaitmcnt must not be in contact 
with the separated metal 

7 “No metallic object must be immersed m the electrolyte in 
any position between the poles or m the path of the current 

8 “The whole apparatus must be of a fire-rcsisting material ” • 

Witliout dweUuig upon the very numerous forms and patterns of 

sodium and potassium cells, which have met with more oi less success, 
we will describe the sodium cell as designed and operated by Castnei, 
which fulfills the conditions as tabulated above and has proved 
itself to be commercially successful Let us look into the design of 
a workable Castner cell on a small scale, and describe its mode of 
operation 

By referring to Fig 8i, the student may become familiai with the 
design of this cell, which is here illustrated in elevation and section 
This particular expenniental cell consists of a large inserted non 
bottle with a rather large elongated neck An insulating stopper 
carrying an iron cathode is passed up through the neck of the bottle, 
which rests upon a suitable support m order that the bottle portion 
may be heated by a ring-burner A metal water-jacket is slipped 
over the lower part of tins neck m order that the insulating stopper 
and lower portion of the neck may be kept cold Caustic soda or 
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potash, as the requirements may dictate, is put into the iron bottle 
in a molten condition That portion of the fluid electrolyte which 
xuns down into the lower extremity of the neck, kept cold by the 
water-jacket, solidifies and forms a seal foi the fluid portion of the 
electrolyte which is kept at the necessary high temperature by the 



Fig Si — Elevation and Section Through Castner’s Cell Experimental Design 


ring-burner The anodes which, with the present electrol\te, may 
also be of iron, are suspended from the cover, 01 they may be cast in 
one piece of hollow cylmdrical form as illustrated in the engraving 
Immediately over the end of the cathode is suspended a little cylin- 
diical ch^,mber or receiver foi the isolated sodium 01 potassium 
At the lower extremity of this chamber we have a cyhndi^al wire- 
gauze guard which, because of the lugh surface tension of melted 
sodium, prevents this metal from flowing through, and thereby wander- 
ing away from the mouth of the mverted receiver 

For the removal of the flmd metallic sodium, Castner uses a per- 
forated ladle, which retams the metal because of its high solution 
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tension, while the caustic soda drains away through the perforations 
The various parts of the apparatus are insulated by asbestos With 
this apparatus hydrogen gas is evolved at the cathode with the sodium, 
accompanied by the expendituie of a ceitam amount of clcctntal 
energy We have escaping oxygen gas from the anode compartment 
Verv laige quantities of metallic sodium aie produced upon this 
principle Fig 82 shows the various paits of such a Castner cell m 
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detail, and it will be seen that they may be easily made and put 
together by the student in the laboiatory As will be seen there aie 
only about six or seven important pieces which entei into the con- 
struction of tins laboratory 01 expenmental cell 

In Older to opeiate this furnace we should have, at least, 50 
amperes available and a pressure of about 6 rolls As wiU be seen 
from the following simple calculation, an electromotive foice of 4 4 
volts IS just sufRcient to drive a current through a fused sodium- 
hydioxide electrolyte ffhe heat of combination of NaQH is loa 
Cdloiies^ The minimum pressure necessary therefor is obtained by 
dividmg the number of Joules represented by 102 Caloiies, by the con- 
stant 96,540 We will icmcmber that the Joule is equivalent to 
000024 Calorie 102 divided by 00024 gives us the figuic 425,000, 

from which we obtain the following = 44 volts 

96540 
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It IS a matter of mterest to note that hundreds of horse-powers 
aic regularly expended in such sodium cells for the supply of the 
market of the world In our next chapter another process, using a 
fused electrolyte and of stdl greater commercial importance, will be 
taken up This will pertam to the electrolytic manufacture of 
alummum 



CHAPTER Xn 


THE ISOLATION OF THE METAL ALUMINUM 

AlUMrNTJM IS distinguished among metals as silicon is among 
non-metals for its immense abundance m the solid mineral portions 
of the earth, to which indeed it is almost entirely confined, for it is 
present in vegetables and animals m so small a quantity that it 
can be scarcely legarded as forrmng one of their necessary compo- 
nents Aluminum, as we know, is an extremely important element, 
both in nature and in the arts It occurs very widely distnbuted 
and very abundantly in many different forms of combination, among 
them are feldspar, mica, ciyolite, and bauxite 

Feldspar is a silicate of aluminum and potassium, of the formula 
AlKSIaOg Mica is a general name applied to a Urge number of 
mmerals which are silicates of alummum and some otlier metal, as 
potassium, lithium, magnesium, etc The simplest form of mica is 
that represented by the general formula KAIS1O4, according to 
which the mineral is a salt of orthosihcic acid, Si(OH)4 Cryolite 
IS a double fluoride of aluminum and sodium, or the sodium salt 
of fluoaluminic acid, NaaAIFo Bauxite is a hydroxide of aluminum 
in combination with a hydroxide of iron Besides, in the above 
forms, aluminum occurs in the products of decomposition of mmerals 
One of the most important of these is clay, which is found in all 
conditions of purity from the white kaolin to ordinary dark-colored 
clay Kaolin is the alummum salt of orthosihcic acid of the formula 
Al4(SI04)3 +4H2O Alftmmum silicate is found in all s( 3 ils, but is 
not takcTi up by plants, and does not find entrance into the animal 
body The name alummum has its origm in the fact that the salt 
alum was known at an early date, and the ‘metal was afterwards 
loslated from it 

All the compounds of aluminum may be denved from the oxide 
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AI2O3 and the hydroxide Al2(OH)6 From the oxide the sulphide 
AI2S3 and the salts which contain alumina as the base arc derived, 
and from the hydroxide the alummates which are salts contaimng the 
alurmnum in the acid radical The preparation of aluminum on 
a large scale has involved a problem of the Inghest importance to 
modem teclmology A lough outline of the chemical means for 
isolating this important metal may not be out of place As early 
as 1842 Oersted attempted the decomposition of alummum cliloride 
thiough the agency of a potassium amalgam, but the success of Ins 
work IS open to considerable doubt, for subsequent workers endeav- 
ormg to follow Ins directions were unsuccessful in obtaimng any 
metallic alummum Three years later, however, Wohler successfully 
reduced the chlonde by using potassium Deville working at a later 
date produced this important metal through aluminum chloride, 
by resortmg to the use of the double chloride of aluminum and 
sodium Instead of the costly potassium, the far cheaper matal, 
sodium, was used For twenty-five or thirty years this process was 
carried on in France, and for a tune it wag also used in England 
Rose in 1853 proposed the substitution of cryohte for the cliloride 
and used magnesium m the place of sodium Grabau’s process, which 
is of much later date, is of special mterest, for it is of unusual merit, 
as may he seen from the following equation, where solutions of sul- 
phate of alumina are first treated with* cryolite to obtam aluminum 
entirely as fluoride Al2(S04) -hAl2F6=2Al2F6-|-3Na2S04 The alu- 
mmum fluoride bemg msoluble m water, is filtered off, washed and 
dried, and heated to a low red heat, when it is at once charged into a 
cold vessel lined with pure cryolite The required quantity of metallic 
sodium is now placed m upon the hot material and the vessel covered 
Accompanied by a great liberation of heat energy the reaction 
takes place, which may be represented by the followmg equation 
2Al2F0-h3Na2=Al2-l-Al2F6 6NaF The aluminum, after the reac- 
tion has taken place, is recovered melted into a metalhc mass at 
the bottom of the chamber, but covered over with a slag of cryolite, 
which itself has been completely fused through the high tefflperature 
of the reaction This is a workable scheme for the production of 
alummum, but it is evident at once that the economy of such a process 
depends upon the cost of sodium 

The electrical production of metallic aluminum may be divided 
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into two different schemes, one wheie the metal is obtamed by the 
reduction of its oxide and the other by a typical case of electrolysis 
Let us first look into the piocesses of reduction For a long time 
alumina, which is the oxide of aluminum, was held to be unreducible 
In the electric furnace, however, with sufficient current density, the 
oxide may be reduced in the presence of carbon This electro- 
reduction IS non-electrolytic, being simply brought about by the 
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intense heat of the electric furnace With a sufficient current den- 
sity, It appears to-day that no oxide can withstand the high tempera- 
ture of the electric furnace Let us impress upon a small quantity 
of alumma tins powerful reducing action of caibon at the tempera- 
tures accompanying a high cunent density electnc arc” Fig 83 
shows T 7 iandy laboratory furnace for accomplislung this. We have 
firmly clamped in an iron ring a graplnte crucible which also rests 
upon the iron base of the ring-stand A large Carbon rod fed tliiough 
an opening in a fiie-clay cover senses as the other electrode The 
charge of alumina and pulverized carbon is placed 111 the crucible 
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around a slender conducting pencil of carbon to start the eleotnc 
current A veiy heavy current is essential to bnng about the reduc- 
tion. According to Borcher, a current density of about 3500 amperes 
per square inch will bring about this reduction A current of 6500 
amperes per square inch is sufficient to reduce any metallic oxide 
known The electromotive force need not be lugh, 15 volts being 
ample for a small furnace About 53 electiical hoise-power aie 
therefore necessary Fig 84 shows a horizontal furnace for the 
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leauction of alumina on a somewhat larger scale In our small 
crucible furnace, the carbon pencil can be, of course, less than an 
inch m sectional aiea, permitting the tise of a smaller amount of 
current With one-tenth of an inch in sectional area for oui carbon 
pencil, we can leduce a small quantity of alumina with one-tenth the 
current strength These furnaces are known as resistor furnaces 
and are easily constiucted and operated Carbon pencils of ^ 
mch sectional area effect a very complete reduction with a current 
of 40 amperes Let us look into the electrolytic methods of isolating 
aluminum, and to this end we will first refer to Deville’s apparatus 
The foLLowmg is a tianslation from Deville’s original paper “Up 
to the present time it has appeared to me impossible to obtain alu- 
mmum from aqueous solution by means of a galvanic battery, and 
I should even now believe in the absolute impossibility of -d^mg so 
if the bnlliant expenments of Bunsen in the pioduction of barium, 
chromium, and manganese had not shaken my convictions How- 
ever, I am compelled to say that all the processes of this kind which 
have been published recently in reference to the preparation of 
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aliHiunuin have given me only negative results Eveiy one Imows 
the beautiful process by means of vfhich Bunsen has produced 
magnesium by decomposing magnesium chloiide with the aid of a 
galvanic battery The illustrious Piofessoi at Heidelberg has 
opened a way which may lead to results that will be interesting from 
many points of view However, there can be no hope of applying 
the battery to the diicct decomposition of aluminum chloride, 
which IS a substance winch does not fuse, but that volatilizes at a 
low temperatuie, it is neceesary, therefore, to find a composition 
•for the metallic bath that shall involve the use of a fusible matenal, 
fiom which aluminum alone can be deposited bv the electiic cuirent 
I have found such a substance in the double cliloiide of aluminum 
and sodium, the production of which is a necessary featuie of the 
extraction of aluminum by sodium This chloiide, which is fusible 
at about 185° C , and remains fixed at a sufficiently high tempera- 
tiue, although it is volatile at a temperature above the fusing point 
of aluminum, fulfills all the required conditions I introduced this 
substance into a porcelain crucible, which was imperfectly separated 
into two compartments by a plate of biscuit poicelain, decomposed 
it by means of a battery of five elements, using caibon electrodes, 
the crucible being heated and the temperature being increased con- 
tinually in order that the charge might be maintained in a fluid con- 
dition as it became gradually less and less fusible, but the fusing 
tempeiature of aluminum was not exceeded Arrived at this point, 
I stopped the experiment, and, after lifting out the diaphragm and 
the electrodes, I heated the apparatus to a bright red heat, and found 
at the bottom of the crucible a regulus of aluminum, which was 
lolled and was exhibited to the Academy at its meeting on March 
20th, 1854 It was accompanied by a considerable quantity of 
carbon, which had pi evented a notable portion of the metal from 
umting into a single mass Tins carbon resulted from the disinte- 
giation of the very dense sample of retort carbon that served as 
electrode, and as a result of this action the positive electrode was 
entirel^^'eaten away in spite of its thickness, which was veiy con- 
siderable This disposition of apparatus (as used by Bunsen for 
magnesium) was not convenient m the case*of aluminum, and the 
process to which I have been led, after many experiments, is as 
follows The aluminum bath is prepared by weighing 2 parts of 
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alummum chloride and adding to it i part of marine salt m th& 
state of dry powder The whole is mixed m a porcelain crucible 
heated to about 200° C Combination shortly sets in with evolution 
of heat, and there results a very fluid mixture, which is a bath used 
foi the decomposition 

“The apparatus [as shown in Fig 85] consists of a glazed porcelam 
crucible A, which, as a measure of precaution, is placed within the 
somewhat larger fii e-clay crucible B, the whole is surmounted by a 


+ 



Fig 85 — Deville s Cell for Expeumental Work 


crucible cover C pierced with a slot D, tlirough which is placed a, 
wide and stout sheet of platinum E to serve as negative electrode, 
and with an apeiture in which is tightly fixed a well-dried porous 
cell E Within the latter is placed a rod of letort carbon G as positive 
electrode The bottom of the porous cell should be kept at the 
distance of some centimeters from tliat of the porcelain crucible. 
The porcelHin crucible and the porous celP arc fiUed to the same 
level with the fused aluminmn-sodium chlonde, and the apparatus 
IS heated after the manner described The electrodes are their 
introduced and the current is passed through the apparatus Alumi- 
num IS deposited with some sodium chloride upon the platinum plate, 
and chlorine together with some alummum chlonde is disengaged 
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in ■the porous cell, fumes are thus produced -which aie destroyed by 
introducing drj' and powdered marine salt at mtervals into the 
porous cell This salt is transpoited to the negative pole during the 
•operation along with the aluminum A small number of elements 
(two are actually sufficient) are required to decompose the cliloride, 
which presents only a feeble lesistancc to the electiic current 

“The platinum plate is laised fiom time to time as it becomes 
sufficiently charged with metallic and saline deposit It is allowed 
to cool, the mass of salt is lapidlj broken, and the plate is replaced m 
the ciicuit The crude matenal detached from the electrode is fused 
in a poicelam crucible enclosed within a fire clay crucible Aftei 
coohng, the mass is treated with watei, which dissolves a laige quantity 
of sodium chloride, and a giay metallic powder is left, which is 
reunited into a legulus by several successive fusions Addition of 
double chloride of aluminum and sodium is necessary during each 
fusion ” 

This process of DeviUe may be said to have marked the dawn 
of the successful piocesses dependent upon tlie electiolysis of fused 
aluminum compounds As it would- requne a great deal more 
space than are able to give to the subject m a general woik, to 
■enumerate and desciibe the various steps in the evolution of alumi- 
num reduction cells, ue must content oui selves with an outline of the 
more important processes Let us look into the method of HaU, 
and for this purpose ue may best turn to the specifications and draw- 
ings Qt one of his patents The folloiiung is from the patent of Hall 
of 1886, and leads as follows “The invention described herein 
relates to the reduction of aluminum from its oxide by dissohing 
such oxide in a bath containing a fused fluoride salt of aluminum, 
and then reducing the aluminum by passing an elecliic cuirent 
through the bath, substantially as hercinaftei more fully described 
and claimed In the accompanying drawings, [Fig 86] represents a 
sectional elevation of a form of apparatus applicable in the practice 
of my invention, and [Fig 87] is a wew partly m elevation and partly 
in seclion of a modified form of apparatus 

“ In the practice of my invention I prepare a bath foi the solution 
of the alummum by fusing together m a suitable crucible. A, the 
fluonde of aluminum and the fluoride of a metal more electro- 
positive than aluminum, as, for example, the fluoride of sodium. 
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potassium, etc , these salts being preferably nnngled together in 
the proportions of 84 parts of sodium fluoride and 169 parts 
fluoiidc, represented by the formula Na2F8 A convenient method 

of forming the bath consists in adding to the mineial cryolite of 
its weight of aluminum fluoiide The object of thus addmg alu* 



Fig 86 — Hall’s Electrolytic Cell and Furnace for the Production of Aluminum 

mmum fluonde is to secure in the bath the proper relative propor- 
bons of the fluorides of aluminum and sodium To the fused bath 
IS added alurmna, or the oxide of aluminum, in suffiaent quantities, 
and the alumina bemg dissolved by the fused bath an electric current 
is passed ttmough the solution by means of suitable electrodes, C and 
D, connected with a dynamo-electnc machme or other suitable- 
source of electricity, and immersed in the solution By the action 
of the electric current, lyhich preferably has an electromotive force 
of about 4 to 6 volts, oxygen is released at the positive electrode, C, 
and alummum is released at the negative electrode, D, which, on 
account of the affinity of aluminum for other metals, is formed o£ 
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carbon when it is desired to produce pure aluminum The positive 
electrode may be formed of carbon, copper, platinum, or other 
suitable material Wlien fonned of carbon the electrode, C, is 
gradually consumed, and must therefore be renewed from time to 
time, but when formed of coppei an oxide coating is formed over 



the surface of the electrode This coating serves to protect the 
electrode from fuither destruction by the action of the oxygen, but 
(docs not interfere materially with the conducting qualities of the 
electrode 

“On account of the affinity of the aluminum foi ether metals, 
and-abo the corrosive action of the materials, I prefei to form the 
crucible, or melting-pot A, of metal — as non or steel — and protect 
the same from the action of the aluminum by a carbon lining, A 
This cmcible is placed in a suitable furnace, B, and subjected to a 
sufficient heat to fuse the materials placed therein, such materials 
“fusing at approximately the same temperature as common salt 
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“In lieu of the electrode D [Fig 86], the carbon lining, A, may be 
employed as the negative electrode, as shown in [Fig 87], the con- 
ductor from the negative pole of the electric generator being suitably 
connected, as shown at N, to such linmg 

“In order to render the bath or solvent more fusible, fluoride 
of litluum may be substituted for a portion of the fluoride of sodium, 
as, foi example, for one-fourth the fluoride of sodium an equivalent 
amount of lithium fluoride by molecular weights may be substituted 
Thus 26 parts of lithium fluoride displacing 42 parts of sodium 
fluoride, the resulting combination contains 26 parts of lithium 
fluoride for every 126 parts of sodium fluoride, and 338 parts of 
aluminum fluoride 

“While I consider the proportions of fluorides of sodium and 
aluminum, and of the fluorides of sodium, lithium, and aluminum 
heieinbefoie stated, are best adapted for the purpose, such propor- 
tions may be varied within certain limits without materially affecting 
the operation or function of the bath, as m fact, any propoitions 
which may be found suitable may be employed The aluminum, 
as It is reduced at the negative electrode, is melted and collects 
thereon in globules, and then drops down to the bottom of the bath, 
which IS of lower specific gravity than the molten aluminum, and 
can be removed by suitable means, or the bath may be poured out, 
and aftei being cooled the aluminum can be picked out ” 

Fig 88 shows the scheme finally adopted by Hall for the pio- 
Auction of aluminum by the electrolysis of fused salts According 
to this later patent the following bath is employed “Fluoride of 
calcium, 234 parts, cryolite, the double fluoride (Na6Al2Fi3), 421 
parts, the fluoride of alummum, 845 parts, by weight, and about 
3 to 4 pel cent of a suitable chlonde, e g , calcium cliloiide Alumina 
IS then added to this bath, preferably in sufficient cj^uantities to form 
a saturated solution Electrodes arc then inserted in the bath, the 
negative electrode being formed of carbon when pure aluminum is 
desued The positive electrode may be formed of carbon 01 othei 
suitable material This piece of apparatus, as the drawing indicates, 
consists of an iron trough lined with plates of caibon A heavy'' 
copper connectoi is nveted to the outside of this trough and connects 
with the negative lead of the dynamo The iron trough, therefore, 
with its caibon lining serves as a cathode The anodes consist 
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of carbon rods suspended from a heavy copper bar in such a way 
that they may be lowered into the electrolyte As these carbons 
are slowly consumed by the oxygen liberated in contact with them, 
it is necessary to have such an adjustment for feeding them into the 
bath It is interesting to note that with such a system the weight of 
carbon burned by the nascent oxygen is about equal to the metalhc 
aluminum produced The carbon lining is but very slowly altered 
and lasts for a long time The electiolysis consists in the decom- 
position of alumina dissolved m the fused bath Several such 
troughs in practice are connected up m series for the commercial 
production of this important metal In this plan of operation the 



heat required to keep the electrolyte fluid is denved from the elec- 
trolyzing current Immense quantities of aluminum are produced 
upon this general principle The next device which we will consider 
IS that of H^roult, as depicted in Fig 89 This process may produce 
either metallic aluminum or aluminum bronze, the latter being 
an alloy of alurmnum and copper In this piece of apparatus the 
electrolyte consists of alumina dissolved in fused cryohte, or in an 
artificial nuxture of aluminum fluonde with sodium fluonde The 
electrolyte is maintained pn the molten state by the heat^ generated 
by the_ passage of the electrolyzmg current In the illustration we 
have a heavy iron vessel lined with carbon plates, with tap-hole 
for allowing the molten aUoy to be drawn off A heavy carbon cover 
with a suitable opening for the anodes is put in place to prevent 
undue loss of heat from radiation The anodes are connected as 
shown to a common holder-bar, and are of carbon hung in such a 
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way that they may lowered into the electrolyte as they are Goti- 
sumed The opeiation of the process is started by placing some 
pure copper m the bottofn of the furnace and lowenng the anodes 
until they come in contact with the metal The intense heat of an 
arc so established fuses the coppei, when the electrolyte is added, 
which, of course, rapidly assumes a fluid state Cryolite is added 
until a sufficient depth has been attained and the electrolysis of the 
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alumina which is dissolved therein takes place between the molten 
copper as cathode and the immersed carbon rods as anodes Alu- 
nainum separates at the molten copper and alloys with it, the product 
being allowed to run off at mtervals Additional quantities of copper 
and alumyia are fed m m the proper proportions from time to time to 
form a suitable alloy It may be seen that the furnace and its opera- 
tion are- equally v!fell adapted for the production of pure aluminum, 
if some of this metal is placed in the bottom of the furnace instead 
of copper, when the process is first started, which then approaches 
very closely the device of Hall 
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Calcium is more generally met with in a state of chemical com- 
bination than any other metal, for it occurs in enormous quantities 
m limestones and chalks, and in the minerals gypsum, fluorspar, 
apatite, etc , etc Yet, notwithstanding its great abundance in com- 
bination, because of the great difhculties in isolating it, the metal is 
exceedingly scarce and seldom met with in the laboratory Let 
us look a little into the properties of this interesting metal, and the 
chemical methods of preparing it, before undertaking to obtain it 
by electrolysis, which is by no means, an easy task Calcium is 
usually described in the text-books as a brass-yellow metal of lustrous 
appearance, which in moist air soon becomes covered with a coating 
of calcium hydroxide and calcium carbonate Calcium decom- 
poses water just as potassium and sodium do, but the heat of the re- 
action IS not sufficient to set fire to the hydrogen which it evolves 
Calcium, because of the expense and difficultv in obtaining it, has 
never had any useful application except in the most special cases 
on very small scales in some research woik Before the electrolytic 
method of isolating calcium, it was obtained at a great cost by puiely 
chemical means The following method wiU be of interest to the 
student in general chemistry and will serve as an introduction to 
the electrical means For example, calcium may be obtained as 
a finely divided substance by heating powdeied lime with powdeied 
metallic magnesium, as shown by the foUowmg simple •equation 

CaO+Mg=MgO + Ca 

After the reaction has taken place, the presence of calcium may be 
shown by adding a little distilled water to the mass in a tube, when 
fhe free calcium reactmg with the water will set hydrogen fiee, and 
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in addition, the presence of lime-water in the tube may be shown 
Another chemical method consists in making a zinc calcium and 
distilling off the zinc by heating to a high temperature in a gas-retort 
carbon crucible The zinc calcium is made by meltmg together 
a mixture of calcium chloride, zinc, and metallic sodium The 
sodium decomposes the chloride, and the reduced calcium dissolves 
in the zinc as soon as it is liberated Metallic calcium when heated 
to redness bums with a very brilliant white hght and is converted 
into its oxide Modern text-books on general chemistry state that 
It IS obtained to-day by electrolyzing its fused chloride, but they 
do not, of course, undertake to dwell upon the details of the opera- 
tion or to even state the great diflSculties involved The electrolytic 
isolation of metallic calcium is far from easy, and its electrolytic 
preparation is introduced here to show the student in electrochemistry 
that his skill and resources will often be taxed, and at times very 
severely 

As intimated, therefore, while theoretically simple, tlie extraction 
of calcium from its chloride by electrolysis is attended by extreme 
difficulty as compared with certain other metals It may be stated 
m general that the three metals of the alkalme earths are exceedingly 
difficult to isolate Bunsen and Matthicssen were the first to isolate 
these metals from their chlorides in their pure condition Failure 
after failure attended their efforts to extract these metals in Bunsen’s 
laboratory by electrolyzing their chlorides, using apparatus such as 
we described in a previous chapter for the production of metallic 
magnesium from its chloride In the year of 1854, however, Bunsen, 
as the result of his carefully conducted research, was able to point 
out the reason for the failures. The following interesting and note- 
worthy observation was made by Bunsen, which should be impressed 
upon the students of electrochemistry, as Bunsen’s discoveiy has 
great hearing upon many cases in this held We will quote his 
own words, which are as follows “The^ density of the current used 
for electrolysis — that is, the ratio of current volume to electrode — 
area exerts a most important influence on its chemical ejects The 
power of the current^ to overcome affinities increases with this density 
Of no less importance is the relative mass of the constituents of the 
electrolyte through which the current passes ” To put Bunsen’s 
suggestion into practical operation we must have, therefoie, means 
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for electrolyzing calcium chloiide and a suitable container for the 
same with adjustment for high curient density It has been found 
in experiment and piacticc, that exceedingly high current density 
at the cathode is absolutely essential foi the isolation of calcium 
In order to secure conditions of exceedingly high cathode cur- 
rent density special designs of apparatus are necessary High 
cathode cuirent density involves small cathode aiea, and a current 
which gives use to very high tcmperatuie, even beyond the melting- 
point of iron and steel It is, therefoie, necessaiy to provide some 
means for keeping the cathode cold, or comparatively cold Means 
must also be provided for pieventmg, as fai as possible, the lecom- 
bination of the liberated chlorine with the fiecd calcium The 
device as illustrated m Fig 90 embodies these set requuements 
upon an experimental scale Here we have a small calcium reduc- 
tion-furnace illustrated in both elevation and section The chamber, 
for the calcium chloride to be electiolyzed, consists of a laige graphite 
crucible, not less than J or 6 inches in diameter, with the bottom 
sawed off, giving us m reality a laige graphite collar This graphite 
crucible has clamped to its exterior a hdavy iron band and serves 
as an anode in the operation This bottomless crucible, or collar, 
rests upon and may be cemented to a disk of mica, which in turn 
rests upon a cylindrical water-bath, as shown This water-bath has 
a tube soldered within its center, which receives with a tight fit 
the turned rod or bar of iron not less than an inch in diameter 
This rod is long enough to go up through the bottom of the bath and 
attached mica covering, which forms the bottom of the graphite 
crucible, extending a couple of inches below and having a stout 
clamp of iron connected with the lead of the dynamo The cathode 
proper consists of a piece of steel wire about 1/16 of an inch m 
diameter and about 3 inches in length, which is securely screwed 
into the upper end of the iron bar When the water-bath is filled 
with cold water and means provided for a continuous circulation 
through It from a spigot, the cathode wire may give up its heat by 
conductance down mto the iron bar, which in turn gives up its 
acquired heat to the circulating water In this way it is prevented 
from getting too hot A cyhnder of platinum Vire gauze about ij- 
inches in diameter goes over the cathode wire, as shown, to prevent 
the liberated calcium from wandenng about in the electrolyte To 



THE ISOLATION OF CALCIUM 



proper electrical connection with a suitable dynamo The 
0 should be capable of giving at least loo amperes at a pres'- 
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sure* of about 6o volts The calcium chloride in lumps is slowly 
added, a small quantity at a time, and by means of an iron rod a 
small arc is established between the cathode wire and the side of 
the crucible until a small quantity of the calcium chloride has been 
fused down to a fluid state, which will then conduct the electric 
current More chloride is added until the crucible is about three 
fourths filled If means are at hand for melting a sufficient quantity 
of calcium chloride separately, and pouring into the crucible, the 
process may be more quickly put in operation When the crucible 
IS filled with fluid electrolyte, the temperature is easily maintained at 
the melting-point of the substance by the current, and then the plat- 
inum-wne cylinder should be put m position The calcium will sepa- 
late in little globules from the cathode and be retained within the plat- 
inum-gauze c} Under, while the chloride will escape from walls of the 
crucible, which act as anode, and pass out through the covering 
The,authoi is dcacnbmg a successful run upon this design of furnace 
It IS YciY easy to have an unsuccessful nui, and if the conditions are 
not ]ust right the attempt will lesult in failure For instance, it 
is not really possible, so far as the expenments of the piesent wiiter 
go to show, to isolate calcium with less than 6o ampeies, with a 
design and dimensions similar to those given If, on the other 
hand, too heavy a current is used, the steel- wire cathode will, in spite of 
Its connection v ith the mass o*f iron in the water-bath, rise so rapidly 
in tempeiature that it will melt off On the other hand, if the cur- 
rent IS not strong enough to keep the entire mass in fusion, a solid 
crust of calcium chloride will foiin on top of the molten chloiide 
and offer a resisting seal to the chloiine gas, which is being given 
oft from the lower portion of the ciucible walls Should such a 
crust form it should immediately be punctured to allow the chlorine 
to escape, or it will lift the crucible with almost explosive violence 
from the mica disk, even if it has been securely cemented down, 
and a stieam of fluid electrolyte will be forced out With everything 
woiking smoothly, the calcium may be ladled out fiom th*e interior 
of the plalinum-wirc cylinder by means of a small iron spoon per- 
forated to allow the fused electrolyte to run through, the calcium 
remaining within the ladle, because of its ffigh surface tension 
This calcium is liable to take fire in the air and burn with a fierce 
white light, and a suitable hydrocarbon in a wide-mouth vessel 
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should be ready in which to immediately plunge the liberated metal 
By refening to Fig 91 the sepaiate essential parts of such a laboratory 
furnace may be seen, which aie, namely a water-bath, insulating 
mica disk with a small hole through its center, just the size of the 
cathode wire, and a platinum-wire-gauze cylinder together with 
a hea\7 iron bar with its cathode screwed in, and a bottomless 
crucible As the calcium industry is comparatively unimportant, 



we will content ourselves with only one more design of calcium 
furnace, and foi this purpose we will turn to Fig 92 This design 
we owe to Borschcr, as given heie in elevation and section The 
outer casing is in the form of a long thimble and may be of almost 
any convenient size This thimble serves as anode, which may 
be of iron, brass, or nickel In the bottom of this elongated thimble 
tube IS placed a small porcelain crucible of such a size that it will 
just slip within the tube The cathode is a piece of steel wire between 
1/16 and 1/8 of an inch in diameter and about i inch in length, 
screwed into a concave end of a similar tube which is supported 
by an insulating collar hs shown Witlun the center of this tube, 
which may be supported by a middle collar biazed or soldered 
in position, IS the cooling water, which falls directly upon the end 
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of ‘the tube carrying the cathode wire, and discharging from the outlet 
tube at the right, as shown With such a device the inner tube 
IS kept cold, giving up the heat geneiated at the cathode wire 
which it suppoits The insulating collar or suppoit is provided 
with a small sidr tube foi the escape of chloime gas To put the 
furnace in operation the little porcelain crucible is dropped witliin 
the elongated thimble, and the whole tube is filled about two 



thuds full of calcium chloride fragments, which may be melted down 
by holding the lube in the flame of a Bunsen burner When m the 
fluid state, the electrolyte receives the walei-jackct tube and cathode 
wire, which, being at a low temperature, immediately chills the cal- 
cium chloiide to the poip,t of solidification This has been indicated 
in the drawing by the white mass sunoundiiig the water chambei 
The cell is immediately placed in circuit with the electrical supply, 
when the Bunsen burner may be removed and the temperature of 
electrolysis maintained by the passage of the curicnt Calcium iso- 
lates from the steel-wire cathode in small globules, and if it rises 
It is caught in the concave end of the wmter-jacket The little 
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porcelain crucible serves a double purpose, namely, in catching any 
metallic calcium which may fall if specific gravity conditions of the 
electrolyte so induce, but more especially to prevent any chlorine 
gas from rising and lemiiting wuth the isolated calcium It will 
be at once appieciated that no chlorine will be liberated fiom the 
interior of this porcelain crucible, for being ot a non-conductible 
mateiial it does not act as an anode There is, in consequence, no 
chlorine given off wluch may reach the cathode at a point lower 
than the upper edge of this crucible This device of Borscher is 
one intended foi piodticing small quantities of calcium and must 
be directly taken apart in ordei to secure such fiagments of metal 
isolated It is, nevertheless, a furnace of neat design, and very 
useful for experimental work upon a small scale 



CHAPTER XIV 


THE ELECTRIC FURNACE AND FURNACE PRODUCTS 

Electeic furnaces may be roughly classified into two geneial 
kinds, those for the attainment of moderate temperatuies and those 
foi the attainment of the highest temperatures within the reach 
of man By moderate temperature, we may consider furnaces 
capable of running up to about 1500° or 1600° C It is this first 
type of furnace which will now occupy our attention Both general 
types of electiic furnaces arc convertors of electrical energy into heat 
energy and both types depend upon resistois The resistors in the 
type of furnace which we will consider first consist of platinum 
wire, and because of the facility and ease with which the temperature 
may be regulated, find a most useful place in all chemical and elec- 
tiochemical laboratories Hawing had considerable success with 
the furnace here depicted it is deemed of value to describe more or 
less in detail the method of assembling and constructing such small 
furnaces of a great range of general utility Fig 93 illustrates a 
side view of a small muffle furnace winch may be very easily put 
in operation and regulated It consists, as shown, of an iron retort 
stand with a clamp holding in a horizontal position a fire-clay tube 
which is wound with platinum wire, having slipped over the platinum 
wire winding a second somewhat larger fire-clay tube The terminals 
of the platinum wire aie connected with a lamp-bank, together 
with a iio-volt or 220- volt electric lighting system In order to 
make the construction of this furnace clear, we wiU turn to Fig 94, 
where the smaller tube is shown turned down and spirally tlireaded 
to receive the platinum-wire winding It is over this portion of the 
fire-clay tube that the outer jacket is placed There are numerous 
kinds of fire-clay, which, before baking may be turned on the lathe 
with facility and alter but little m shape and dimension after the 
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firing process In this last figure referred to, an end view of the 
furnace is given, together witn a side elevation of the mufde tube. 
A good size for such a furnace is to have the inner tube, upon which 
the platinum wiie is wound, about 5 inches long with an internal 
diameter of about inches, and an external diameter of about 2 
inches Where the tube has been turned down and the spiral cut 



on, the thickness should not be over 3/16 of an inch Of course, 
these dimensions may be varied to meet different requirements, 
but for studying the behavior of certain boSies at difieient tempera- 
tures only a small quantity of these bodies is necessary for the: 
examination At least two meters of platinum wiie should be 
wound on a single furnace, the wire to be about number 22 gauge^ 
It will require some preliminary experiment with each furnace nr 
connection with the lamp-bank and suitable ammeter m series ta 
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ascertain ho’w much current the furnace \m 11 stand with the out . 
side muffle m place It is, of course, an easy matter to bum out 





with his furnace if he has slowly admitted the current to it through, 
a suitable ammeter By referrmg to Fig 95 a sectional view through. 
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a completely assembled furnace may be seen The furnace is here 
Indicated with a fire-clay plug m one end and a similar plug of 
dight design at the othei end The furnace may be brought to 
"bright incandescence within a very few moments after the current 
is turned on, and the temperature may be held between that of the 
laboratory and the meltmg-point of platinum with great precision 
The temperature within the muffle tube can be ascertained, of course, 
by the method depending upon the melting-point of pure metals, or 
by exploring the interior of the furnace with a platinum loop carry- 
ing an electrical current, in connection with the propei electrical 



Fio 96 —Top View oi a VeitJc il T> pe of Wiie Resistor Furnace 

instruments A hint of practical value may not be out of place 
at this time With ceitain kinds of fiie-clay material there is 
shiinkage upon the fiist firing, and the platinum wire, because of 
Its own expansion by heat, is apt to come out of the thieaded groove, 
causing the separate convolutions of the adjacent coils to come 
into contact and cause venous tiouble by short ciicuipng This 
may be avoided by rewinding the furnace after the shrinkage has 
taken place, winding on the platinum wire quite tight, when tlieic 
will be no moie difficulty fiom this souice 

Another design of furnace of the platinum-wire resistor type, 
IS depicted in Figs 96 and 97 The former being a top new looking 
down into the furnace which is of a vertical tjpe Here we have 
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a number of small tubes or pipe-stems arranged aroimd the interior 
of a thick outer casing of fire-clay and held in position by a fire- 
clay plug fitting snugly in between them and by the lacing back 
and forth of the platinum-wire resistor The second illustration 
here shows a section through the vertical type of furnace With this 



Fig 97 — Section Through a Vertical Type of Wire Resistor Furnace 

design the platinum wire may expand without the slightest danger 
of short ciicuits being formed, because it is entiiely enveloped within 
these small vertically and cyhndncally arranged pipe-stems or 
tubes In experimenting with the platinum wire winding of an 
electric furnace to ascertain its maximum curient-carrying capacity, 
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It must be borne in mind that the maximum current-carrying ca- 
pacity of a platinum wiie is very dependent upon its surrounding 
conditions If we asceitain the curient-cairymg capacity of the 
platinum winding without the muffle tube in place and then give the 
coil the same cuiient aftei coveiing with the muffle tube, we will, 
without question, bum out the furnace, for the reason that the heat 
can no longer dissipate so freely It has been found m piactice 
with a furnace of the gencial chaiacter of either of the foregoing 
designs that a platinum-wire coil will stand only about one half as 
much curient when the muffle is in place as it did when freely 
exposed to the air One must regard these lesistoi furnaces purely 
as convertors, as stated at the opening of the chaptei, and we 
must maintain our furnace m operation at such a point, where 
the energy supply as electricity is earned off as heat energy, the 
balance between the supply on the one hand of electrical energy and 
the, liberation of heat energy on the othei hand, taking place within 
the limit of the melting-point of platinum Because of the melting- 
point of platinum, this design of furnace is limited for work under 
about 1600° C But this \ertical typeomay be so modified as to 
allow of the lomperature being earned up to the very meltmg-point 
of tlie fire-clay itself, enablmg the experimentor to melt down platinum, 
gold, iron, and steel For this purpose this vertical pipe system 
of tubes must be packed with finely granulated carbon, and instead 
of being connected in series must be joined m multiple-arc by con- 
nectmg all the lower ends together by means of a carbon disk, as 
weU as the upper ends by means of a similar carbon disk Such a 
modified furnace will, of course, require a very much heavier cur- 
rent to operate it, but the suggestion is made here for the benefit of 
those who may wish to experiment with small muffle furnaces at 
exceedmgly high tempeiatures For the production of electneal 
products requirmg extremely high temperatures a furnace of very 
different design must be employed Although at the openmg of 
this chapter the author classified aU electrical furnaces on the prm- 
cipal of suitable resistors, the type of furnace we are about to desenbe 
IS sometimes considered to be of the arc type. Although we may 
have an arc it may still be maintained that this type of furnace is 
on the resistor pnnciple, for m the present case the resistor con- 
sists of a stream of mcandescent gaseous carbon A very convenient 




constituting Fig 98. With this practical design of furnace, which 
was gotten up several years ago by the author, calcium carbide 
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of the furnace is understood Here we have 6 carbon electrodes 
so connected that we have three electric arcs in senes, allowing of 
the use of this furnace on incandescent hghtmg systems, protected 
only by a fuse of moderate capacity It occurred to the writer a 
number of years ago m wiring a couple of arc lamps across the 
feeders of an mcandescent hghtmg system, that a small experimental 
electric furnace could be gotten up on this plan Only four carbons 



Carl)on Furnace 

were employed at first on the principle of the two aic lamps m 
series, but it was found upon the addition of such a charge of lime 
and coke as is utilized in the production of calcium carbide that 
it had a decided short circuitmg effect and allowed too heavy 
a current to flow through the furnace An, additional pair of carbon 
electrodes were then added, giving three arcs in series instead of two. 
With such a furnace a suitable charge for the production of cal- 
cium carbide may be, employed, but the resistance to the passage 
of electnc current is not that offered by the thiee small aics, but 
considerably less, as wiU be appreciated by any one familiar with 
electricity The resistance is sufficiently high, nevertheless, to 
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enable one to pioduce calcium caibide m considerable quantities 
on 20 amperes of curient 

Fig loi illustiates the connections of these scries caibon furnaces 



Fig 103 — ^Vertical Type of Furnace with a single Arc 


coupled with a variable rheostat for controlling the intake of cur- 
rent by the furnace If, however, ample* current is at hand, 
say so or 6 o amperes, a double crucible furnace, like that illustrated 
in Fig 102, IS found very convenient. Here we simply have two cru- 
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cibles, one within the other, separated by some good non-com- 
bustible heat insulatmg material With this equipment, calcium 
caibide, carborundum, etc , may be prepared on a small scale 
For the reduction of nietaUic oxides m the presence of carbon this 
type of furnace is most convenient For the production of quanti- 
ties of calcium carbide on a small scale on the lecture table the 
following dnections should be caiefuUy followed Good unslacked 
lime and hard carbon are weighed out m the requisite combimng 
proportions The foUowmg equation indicates theoretically the pro- 
duction of calcium carbide, and from the same, the amounts to be 
weighed out may be learned 

CaO -h C3 = CaC2 -b CO 

By hard carbon, it is meant that charcoal be not employed, foi be- 
cause of its hghtness it is apt to bum away without combining 
with the calcium of the lime A convenient and most satisfactory 
caibon is obtamed by crushing up m a large mortar fragments of 
old electric hght caibons • Both the caibon and the lune should 
be ground to a fine granulation and mtunately mixed togethei, and 
for this purpose the writer has found an old iron coffee-miU to meet the 
requiiements in a most satisfaictoiy manner Aftei a lun of half an 
hour at a full mcandescent temperature, fiagments of calcium car- 
bide will be obtamed as large as an English wahiut, which yield a 
large supply of gas, and may be burned in a large jet if tin own 
into a cylmder jai of water equipped with a small glass outlet tube 
and tight fittmg stoppei As we experiment with hydrogen the 
jet should not be hghted until one is sure that all of the an has been 
driven fiom the cylmder It must be remembered that the 
preparation of calcium carbide requires extreme temperature The 
furnace must be allowed to be well under way m temperature before 
the tunmg of the run is begun An electric furnace of this type is 
nothmg more or less than a box of poor heat conducting material, 
m which electrical energy is poured, so to speak, until 'the entire 
mterior assumes a temperature of the electric arc The temperature 
of the arc has been" carefully computed by many experimenters 
and is found to be in the neighboihood of 3500° C , which is 6332° F 
We will not go mto the commercial question of electrical furnaces 
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here as it would constitute a treatise in itself We are, nevertheless, 
fully enabled at this tune and at this stage of oui woik to conduct 
an efficiency research upon electrochemical processes of this kind, 
]f we have profited by the previous chapters on the theoretical side 
of oui subject Believing that we have here outlined the simplest 
types of electiic furnace available for experimental woik, we will 
take up another subject in the next chapter 



CHAPTER XV 


PREPARATION OF ORGANIC COMPOUNDS 

THE ELECTEOL-XSIS OE SOHIHM ACETATE 
In the present chapter we will produce electrolytically certain 
organic chemical compounds, and we wiH start our work by takmg- 
a typical case of organic electrolysis and one of peculiar beauty 
for demonstration pui poses, as a combustible gas is set free at each, 
electrode To accomplish this we will electrolyze a strong solu 1 :ion. 
of sodium acetate CH3 COONa m the assembled apparatus, as 
illustrated m Fig 103 I^ere we have at A the electrolytic cell,, 
which consists of a wide mouth glass cyhnder, carrying a large 
rubber stopper Through the center of this rubber stopper is a. 
glass tube of laige diameter termmatmg m a bell mouth, as shown 
at B This glass tube, which is somewhat the shape of a lamp- 
chimney, IS provided with a tight fittmg stopper at its top through 
which passes tlie wire attached to the anode and the glass tube C, 
leading to the wash-bottle F and gas-coUectmg tube D at the extreme 
left Immediately under the bell-mouth openmg of the tube B is 
a cylindrical poious pot E contammg the anode G, which is of 
platinum The cathode U is a. large cylinder of pure sheet copper 
suiTOunding the porous pot E and leavmg considerable space for 
electrolyte between it, the walls of the outside contammg vessel 
and the porous pot The tube I passes through the stopper of 
the outside contamer, the electiolytic cell «4 and runs to the bottom 
of the wash-bottle J, thence to the vertical gas coUectei; K The 
wash-bottle J contains plam water, whereas wash-bottle F contams 
hme-water for the absorption of carbon dioxide The termmals 
of tlie electrolytic cell are connected to the hghtmg system through 
our lamp-bank and two or three i6-c p lamps will suffice for the 
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This hydrogen will, of course, be collected in the tube K after pass- 
ing through the wash-bottle J At the anode the following processes 
take place 

2CH3 COO d-HaO =2CH3 COOH + O, 
2CH3COOH-I-O =C2Hb-1-2C02 + H20 
The gas ethane C2H6, and carbon dioxide CO2 escape thiough 
the tube C The carbon dioxide is absorbed by the lime-water 
with the formation of calcium carbonate, whereas the ethane col- 
lects m the vertical tube D It is mterestmg to note that the volume 
of ethane is about the same as the volume of hydrogen produced 
Accordmg to Jahn, we would obtam more ethane if it were not 
foi the oxidation of some of the acetic acid at the anode by the 
oxygen, as suggested by the followmg equation 

CH 3 COOH-1-40=3C02 + 2 H 20 

The hydrogen and ethane produced may be ignited to show 
that both gases aie of a combustible nature 

THE ELECTROLYTIC? PRODUCTION OF IODOFORM 
Foi the production of iodoform we will require a beaker of 
about 500 cubic centimeters capacity, a cylmder of nickel wire gauze 
to serve as cathode, a porous pot and a, suitable platmum anode 
The beaker is to be mounted upon a tripod m order that the process 
may be conducted at an elevated temperature Free lodme when 
allowed to react with a heated aqueous alkaline solution of ethyl 
alcohol produces iodoform, (CHI3 ) Fig 104 shows the assembled 
apparatus with a thermometer for obseivmg the temperatuie of 
the reaction The nickel gauze cyhnder, porous pot, and anode 
are also separately shown at the right m this illustration Without 
takmg into account the mtermediate products formed, the reaction 
may be expressed very simply by the followmg equation 
CSgCHsOH + lol +H2O = CHI3 CO2 + 7HI 
One will observe that we have hydriodic acid formed, which, of 
course, will combme with the sodium hydroxide present to produce 
sodium lodate and cafbonic acid The follovTing directions for 
the actual carrymg out of an experiment may be followed to advan- 
tage The cathode of mckel-wire gauze is placed in the beaker. 
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together with tire cathode hquid, which consists of a strong solution 
of sodium hydroxide Withm the porous pot, which is next placed 
in position is a solution consisting of 15 grams of sodium hydroxide, 
10 grams of potassium iodide, 10 cubic centimeters of ethyl alcohol, 
and 100 cubic centimeters of distilled water The thermometer is 


Fig 104 — Appiritus for the Electrolytic Production of Iodoform 

placed within the porous pot and the temperature elevated to about 
70° C 1 ?he best working current density at the anode for this 
preparation is about one ampere per square decimeter It is well 
to allow the current to run foi 4 hours, wlien the process may be 
interrupted The liquoi from the interior of the porous pot is 
poured out into an evapoiatmg dish, when after standmg for some 
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tune, from i to 2 hours, a beautiful crystalline deposit of iodoform 
IS filtered off and allowed to dry at the temperature of the laboratory. 
Theic will be fomied as a secondary product m the mother liquor, 
sodium lodate The yield of iodoform is about 70 per cent This 
is a very satisfactory organic preparation, and lends itself to some 
mteresting efficiency determmations when conducted in connection, 
with suitable electrical measuring mstruments 

THE ELECTROLYTIC PRODUCTION OF CHLOROFORM 
Chloroform may also be prepared electrolytically For this 
purpose a suitable still, which may be heated by a steam jacket 
and containing a set of revolvmg paddles, is employed These 
paddles consist of carbon plates and are made the anode m the 
electrolytic process The interioi of the still, which must be of 
lead, serves as cathode A 20 per cent solution of common salt 
IS placed in the stiE to which acetone is admitted from the bottom, 
as shown, by means of the tube which leads to the elevated reservoir. 
The acetone is converted mlo chlorofoim by the combmed action 
of chlorme and sodium hydroxide The reaction may be theoretically 
illustrated li two stages according to the following equations 

(1) (CH3)2CO+3Cl2 = CH3COCCl3+3HCI, 

Chloracetoiie 

(2) CH3COCCI3 +NaOH = CHsCOONa + CHCI3 

Sodium Acetate Chloroform 

The chloiofomi produced distils off because of the elevated tempera- 
ture maintamed by the live steam and is collected in a suitable- 
receiver It IS claimed that from 100 parts by weight of acetone 
180 parts by weight of chlorofoim are produced The theoretical 
yield figures out 206 parts by werght of chloroform, so it will he 
seen that the process is quite economical It is mteiestmg to note 
from a study of these equations that only one of the two available 
methyl groups in the acetone is utihzed for the production of chloro- 
form In the drawing, Fig 105, it will be observed that the current 
IS sent into the revolving anodes by means of a brush and the com- 
mutatoi 


THE* PRODUCTION OF ACETYLENE 
There is to-day a big field for the organic chemist with refer- 
ence to electricity Seme of the leactions brought about by the 
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aid of electricity possess the greatest field for synthetic organic 
chemistiy Berthelot showed that caibon and hydrogen combined 
to form acetylene on causing the electnc arc to pass between carbon 
electrodes in an atmosphere of hydiogen 

2C+H2=CH^CH 

Foi this purpose a glass globe was employed with two openmgs 
opposite each othei m the form of lubuluies, into which were fitted 


+ 



Etc 105 — Appai-atus foi the Pi-oducton of Chlorofoim Electrolytically 


large stoppers carrying electrodes and entrance and exist tubes 
for the gas The globi? was first carefully swept free "of air by a 
current of hydrogen when an electric arc was estabhshed through 
the carbon pencils within A good yield of acetylene results from 
such a combination This is, of course, siidply of scientific interest 
and has no practical apphcation The foUowmg organic synthesis, 
however, is not only of scientific mterest m the experimental labora- 
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tory, but has found a commercial application It pertains to 
the production of carbon disulphide ui the electric arc 

THE PRODUCTION OF CARBON DISULPHIDE 
If, instead of supplying hydrogen to the enclosed electric arc 
between caibon electrodes, we supply sulphur or loU brimstone 
we get quite another product, namely The mobile and imlatile 
hquid, known as carbon-disulphide This inteiesting compound 
may be prepared upon an experimental scale by assembhng and 
operatmg such a piece of apparatus as illustrated m Fig io6 Here 



Fig io6 — Glass Globe, Carbon EkctioJes and Sulphur for the Experimental 
Production of Carbon Disulphide 


we have *a large glass globe equipped w»th four tubulures or necks 
to leceive stout stoppers A metal rod with insulatmg handle passes, 
as mdicated, through two of these tubulUies m a horizontal position, 
temunatmg m holders for supportmg carbon pencils Before these 
stoppers aie put m place a narrow strip of thin asbestos is drawn 
through and held m position as a bridge by the stoppers which 
carry the electrodes Upon this piece of asbestos, between the ends 
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of the carbon electrodes, tlie roll brimstone is placed The globe 
IS swept out by caibon dioxide gas and the arc is started between 
the carbon pencils Caibon disulphide in the state of a gas is 
formed withui the arc, condensing in minute drops over the mterior 
surface of the glass globe After a suitable run, enough carbon 
disulphide will condense to run to the bottom of the globe, where 



Fig 107 — Expel imeiital Equipment Complete foi the Piepaiation of 
Carbon Disulphide 

it flows out through the bottom openmg and may be collected m a 
test-tube So much for the experimental side of this work It will 
be of interest to know that this piocess is bemg cairicd on upon a 
commercial scale m New York State where specially designed 
furnaces are m operation These furnaces, erected at Penn Yan, 
are 16 feet m diameter and 41 feet high The piocess as carried 
on by Taylor ongmally consisted in buildmg a furnace with an 
experimental shell of iron, m which the brimstone is placed and 
melted down by the heat radiated from the inner metal shell of the 
furnace where the electric aic had been maintamed Brick walls 
were subsequently substituted for those of metal and the sulphur 
in the cold state fed durectly to the furnace surrounds the interior 
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SO completely as to practically make a blanket, which, m meUmg, 
carries back mto the furnace the heat absorbed This regeneration 
proved to be effiaent in the extensive production of carbon disul- 
phide It is said that m a buildmg contauimg the furnace there 
are no unpleasant gases that are m the least m evidence, the 
entire building bemg at times as comfortable as any ordmary, 
manufactunng plant, m fact other operations could be conducted 
withui the same building without mconvemence Arrangements 
were made in this process to keep the electrodes constantly and 
automatically supphed with broken carbon which provides the 
electrodes, themselves of carbon, with large contact surface, 
from which the broken carbon tapers off to the mterior of the fur- 
nace where the current resistance converts the electrical energy 
into heat just wheie it is required for effective work. The sulphur 
rises m the bottom of the furnace, and its heat is regulated by feed- 
mg cold sulphur mto the surroundmg chamber to meet the require- 
ments The sulphur, bemg a non-conductor of electricity, itself 
plays an important part m legulatmg the amount of current which 
flows thiough the furnace The altematmg current is used m Mr 
Taylor’s furnace, which has practically revolutionized the manufac- 
ture of carbon disulphide m Ameiica 

ELECTROLYTIC OXIDATION 
THE PREPARATION OF KANARIN 

As we learned m a previous chapter, oxidation and reduction may 
be effected by the proper adjustment of current density, etc , and 
we will now apply this important electrolytic oxidation method for 
the practical production of certain organic oxidation products 
Organic electrolysis may, m the majority of cases, be divided mto 
two general processes entirely mdependent of current density con- 
ditions ”*00 the one hand we will have cJxidation, and on the other 
we will have reduction Therefore, most cases of organic-electrolysis 
are either oxidation ui reduction processes The electrolysis of 
organic compounds of comparatively recent development, and a 
sound knowledge of organic chemistry is essential for work m the 
new field of organic electrochemistry It would be impossible m a 
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general experimental work on this subject to go deeply into the 
chemistry and electrochemistry of organic oxidation or reduction 
products, and we will content ourselves by introducing one or two 
expeiiments which illustrate the effect of the electric current upon 
organic compounds when apphed under proper conditions Pei- 
liaps the production of the organic yellow dye, known as kanaiin, 
will serve best to illustrate a typical case of organic oxidation For 
carrymg out an actual experiment we will employ a Hoffman appara- 
tus of a general type, which is shown by the photograph m Fig io 8 
For this experiment the Hoffman apparatus is provided with plati- 
num electrodes, and the electrolyte consists of a solution of potassium 
sulphocyanide in the proportion of one part by weight of the sul- 
phocyanide, and five parts by weight of distilled water This solution 
is placed withm the Hoffman apparatus, the termmals of which 
connect through two or three i 6 -c -p lamps to the lamp-bank and 
loo-volt hghtmg system Hydrogen is given off at the cathode 
and streams up through the solution m the cathode tube of the 
Hoffman apparatus, where it collects, as m the ordinary case of 
electrolysis of dilute sulphuric acid Th,c interesting optical feature 
of this experiment is the non-appearance of the correspondmg 
oxygen at the anode Here we have, therefore, hydrogen streammg 
off the cathode and coUcctmg m the cathode tube, with no gas 
hberated at the anode, for the oxygen set free immediately oxidizes 
and combines with the sulphocyanide acid to produce kanarm, 
which appears as a yellow mass extendmg over the surface of the 
anode The theory of tins oxidation may be represented by the 
following equation 

6 HCNS 4-1 lO -I- HzO = C6H4O2N4S5 + H2SO4 + 2HNO3 

The kanarm which, after fifteen 01 twenty mmutes, wdl have 
collected m sufficient quantities for an experiment m dyemg, for 
which purpose the kanarm is dissolved m a basic solutupn 

CASES OF ELECTROLYTIC REDUCTION 

Let US now look into a case of reduction,* and for this purpose 
we will choose nitiobenzene The nitrobenzene is first dissolved 
m strong sulphuric acid and placed m a porous pot, mto which a 
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platmum cathode as immersed The anode, of platinum, is plaeed 
outside the porous pot m an 80 per cent solution of sulphunc 
acid m distilled water The porous pot with its cathode and 



Fig 108 —Hoffman’s Appaiatus -which Deservesia Special Place of Honor m 
Electrochemical Work 

the anode are placed withm a larger beaker glass and the electsic 
curienl turned on 'I'he product is para-amido-phenol sulphonic 
acid of the foUowmg chemical composition C6H4(NH2) (OH) 
The reaction withm the cell is beheved to take place m tivo stages, 


218 


EXPERIMENTAL ELECTROCHEMISTRY 


aS"shown m the following equations with the intennediate production 
of phenyLhydroxylamme 

CeHeCNOa) + 2 H 2 = CeHgCNH) (0H)H20 , 

Pheiiylhydroxylammo 

C6H6(NH)0H =C6H4(NH2)(0H) 

Amido phenol 

The ultimate product, which is para-amido-phenol sulphuric acid, 
separates from the electrolyte m the form of fine crystals, which 
are filtered off through asbestos To illustrate the working range 
of orgamc electiolytic reduction it may be well to refer to two other 
preparations by the reduction of mtiobenzene Nitrobenzene, when 
in a diluted sulphuric acid solution, yields under similai conditions 
of clectiolysis, the aniline direct as shown by the foUowmg equation 

C6Hs(N02) =CoH 6 (HNH 2 ) + 2 H 2 O 

When nitrobenzene is m an alkalmc solution azobenzene is produced, 
as shown by the following equation 

2C6H6(N02)H8 = C6H6]SrNC6H54H20 

Such reductions may, of course, be brdught about by ordinary 
chemical means, but with the electrolytic process, there are many 
outside points m its favoi, among which may be mentioned an 
ease of control of the course of the reaction There are, however, 
cases where electrolytic reduction brmgs about results different 
from those obtainable by ordinary chemical means It will now 
be seen from the fundamental and typical cases given here, that 
oxidation and reduction m cases of organic electrolysis do not 
depend so much upon conditions of current density at anode 01 
cathode, but more especially upon the composition of the electrolyte 
itself The cases that might be here cited in the field of organic 
chemistry arc almost without hmit, and we must content ourselves 
m the present work with the typical cases presented 
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THE PRIMARY CELL 

In the present chapter we will deal with the production of the 
electric current through chemical action, and this phenomenon may 
be regarded as the converse of what we have hitherto considered 
We have, up to the present tune, applied the electric current to com- 
pounds in a state of solution, and we will, in the present chapter, look 
into the production of the electric current by the chemical action of 
substances in solution within a suitably arranged and assembled'cell 
Two great problems in electrochemistry presented themselves to the 
eaily workers in this field, the first being How does the electric 
current decompose electrolytes and what is the mechanism of such 
decomposition, which we term electrolysis ? 

The second problem relates to the origin of the electric current 
What pioduces it, and how can we satiafactorily explain the phenom- 
ena observed when, foi example, dissimilar metals are immersed in 
an acid? We have already considered, at considerable length, the 
decomposition side, or electrolysis, when compounds are subjected 
to the influence of the electric current 

In our very first chapter we touched upon the oiigin of the 
electric current in a general way and referied to the work of Galvani 
With lus frogs, and also to Piofessor Fabroni, of Florence, as well 
as to Alexander Volta, of Pavia For the sake of histone interest, 
and also to lUustiate to the student the hopeless condition of 
aftairs pertaining to the origm of ithe electric current, we 
will turn for an instant to the time when Galvani and Jus famous 
experiments upon frogs attracted the attention of the scientific 
world It wiU be remembered that m the famous expermient of 
Galvani, conducted m the year 1786, the dawn of dynamic electricity 
was marked It is true that six years prior to this, Galvani observed 
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that the limbs of dead frogs when hung upon a copper hook in the 
neighborhood of a frictional electric machine contracted violently 
at each spark oi discharge of the then known static electiicity 
It IS the latei experiment, however, conducted in 1786, which we 
ina\ refer to as the first to attract univeisal attention It will be 
remembered that Galvani obtained the twitching of the limbs of 
dead frogs without the agency of any electrical machine whatevei, 
by bringing a copper wire joined to a nerve in contact with a piece 
of iron wiie, which was attached to one of the fimbs of the fiog 
The analogy of these results, although six years apart, nevertheless 
impressed upon Galvani the behef that the two distinct phenomena 
weie due to one and the same cause, namely that of electiicity, and 
he described his discovery of what he styled “animal electiicity” 
m his celebrated memoir, “De Viribus Electiicitatis,” in lyqi 
A complete history of the voltaic cell and its oiigm would debai 
us, for lack of spate available here, fiom consideiing, as we must, 
the latei theoiies and the more experimental and practical side of 
the electric batteiy To give an idea, however, of the hopeless 
state of affairs existing until the theory*of electrolytic dissociation 
threw some light upon the subject, we will refer to the views of Stur- 
geon who, writing on the subject of Voltaism in 1842, expressed himself 
as follows “ Voltaism is the production of electiicity by the associa- 
tion of metals and other inorganic bodies by the simple contact of 
inorganic bodies, whether solid 01 fluid ” Galvamsm is the produc- 
tion of electrical currents, “ either by a natural or artificial associa- 
tion of animal matter, whether alive or dead ” The “ animal 
matter ” clement of this definition was eventually abandoned by most 
of the investigators, when two distinct theories were foimulated, 
namely “The contact theoiy of the cell” and the “chemical theory 
of the cell ” De la Rivc, wilting in 1853, defined the voltaic cell in 
the following words “An apparatus m which electricity is developed, 
according to some, by the contact of two metals of a different natuie, 
and according to others, By the chemical action of the liquids with 
which It 1^ charged upon one of the two metals which enter into its 
formation ” Faraday expressed himself upon these two theories of 
the cell as follows “The contact theory assumes that when two 
different bodies being conductors of electricity are in contact, there 
IS a force at the point of contact by which one of the bodies gives a 
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part of Its natural portion of electricity to the other body, which the 
latter takes in addition to its own natuial portion, that, though 
the touching points ha\e thus respectively given and taken elcctiicity 
they cannot retain the charge which then contact has caused, but 
discharge then electricities to the masses respectively behind them, 
that the force which at the point of contact induces the particles 
to assume a new state cannot enable them to keep that state, that 
all this happens without any permanent alteration of the parts that 
are in contact, and has no reference to their chemical forces ’ ’ 

“The chemical theory assumes that at the place of action, the 
particles which are in contact, act chemically upon each other and 
are able, under the circumstances, to throw more or less of the acting 
force, that, m the most favorable ciicumstances, the whole is con- 
verted into dynamic force, that then the amount of curient force 
produced is an exact equivalent of the original force employed 
and that in no case can any electric current be produced without 
the active exertion and consumption of an equal amount of chem- 
ical force ending in a given amount of chemical change ” 

Gore writes upon the tb«ory of the cell as follows “The essential 
cause IS the stored-up and ceaseless molecular energy of the corroded 
metal and of the corrodmg element of liquid with which it unites, 
whilst contact is only a static condition, and chemical action is the 
process or mode by which the molecular motions of those substances 
are more or less transformed mto heat and current ” 

So much for these old theories What have they taught us? 
Can we, m the light of them, satisfactorily explam the cause of the 
electric current, its origin, or birth? What must we do in order 
to produce the electrical cunent by chemical action? In the hght 
of our chemical knowledge, let us see what takes place in the pro- 
duction of electricity m the following simple expenment A little 
dilute sulphuric acid is placed m a beaker glass and two strips of metal 
of dissimilar character, for example, platmum and zme, are partly im 
mersed m the hqiud so that they do not toflch each other. If now the 
uppermost ends of these metal strips be ]omed by a suitable wire, an 
electric current m the direction from the platmum to the zme wiU 
be pioduced, as may be proven by a magnetic needle or galvanometer 
Bubbles of hydrogen may be seen to make their appearance on the 
surface of the mimersed platmum strip So much for the physical 
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maaifestaHon What caa we say of the chemical? As general 
chemists, we can merely analyze the solution and weigh the metal 
strips for information relative to their loss or mcrease m weight If we 
analyze the diluted sulphuric acid solution we will find that it is no 
longer merely a sulphuric acid solution, but that we also have zmc 
sulphate present, and that the stnp of zinc has lost m weight, whereas 
the platmum is unaltered An electric current has been produced. 
What was its origm and how can we, as physical chemists, explain its 
production ? Before the advancement of the theory of electrolytic 
dissociation this was a matter veiled in great obscurity We could, of 
course, say that the electnc cuirent was the result of chemical action, 
or that it accompanied the formation of sulphate of zinc, or that it 
was produced when zmc was dissolved m sulphuric acid, but does this 
really take us as deeply mto the mquiry as we wish to go ? In order 
to comprehend the modem theory of the cell, as based on the theory 
of electrolytic dissociation, we must know something concerning the 
solution tension of metals m addition to facts in connection with the 
theory of electrolytic dissociation The solution tension of metals 
when immersed m liquids may be compared with the vapor tension 
of liquids When a bar of metal is immersed in a liquid it tends 
to dissolve, and does dissolve to a greater or less extent When, on 
the other hand, for example, an open vessel contammg a liquid is 
placed m the laboratoiy, the liquid tends to evaporate and does 
evaporate to a greater or less extent A bar of common zmc will 
dissolve m dilute sulphuric acid much more rapidly than a bar of 
iron, and, on the other hand, an open vessel of ether will evaporate 
much more rapidly than a sunilar vessel of water We may term 
the tendency of the zmc to go mto solution, the solution tension 
of zmc, and the tendency of iron to go into solution, the solution 
tension of iron, and from the fact that they go into solution at 
diffeient lates, we may logically deduce that they have different ten- 
dencies to go into solution, oi, in other woids, we may say that they 
have different solution tensions We will, a httle later in this 
chapter, take up the experimental deteiimnation of the solution 
tension of metals We will see, when we come to this work, that 
we have means for quantitively measuring aad comparing what we 
now term the solution tensions of the metals We can at a fixed 
temperature estabhsh a solution tension value tor any metal in 
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a given liquid, as we can measure the vapor pressure or tendency of 
a liquid to volatilize at a given temperature A most important 
fact for us to take mto account at this tune is the fact that the solu- 
tion tension of any metal immersed m any given liquid is indepen- 




dent of the size of surface of the metal immersed, which, wc will see 
IS the case* as mdicated by E M F phenomena, if we perfoim an 
expeiiment as mdicated in Fig 109 We know, and can expeii- 
mentally demonstrate tliat the vapor prersure of ether, foi example, 
IS independent of the* surface exposed under the same conditions 
of temperature and barometnc pressure For experiment with 
vapor tensions the reader is referred to any good text-book on 
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experunental physics As we will presently see, we may arrange 
the known metals in a senes, m the order of their solution tensions, 
and such a table of the metals may be referred to in reference to 
a liquid or electrolyte as the tension series of the metals This 
preliminary outhne has been necessary, in the opinion of the writer, 
before presentmg to the student the followmg eiqierunent, which, 
upon the basis of the theory of electrolytic dissociatipn, explains 
in a beautiful and satisfactory manner the origm of the clectnc 
current in the voltaic cell 

The experiment to which we now refer has been styled by 
Ostwald and others, “ Chemical Action at a Distance ” Ostwald 
piesented a paper m 1891 entitled, “ Chemische Fernewirkung ” 
An exceedingly mtcrestmg pomt to which Ostwald draws atten- 
tion is the fact that amalgamated zmc is not dissolved by dilute 
acids It has also been pointed out that chemically pure zmc 
will, not dissohe m dilute acids This will appear to those 
famihar only with general chemistry to be a remarkable statement 
The general chemist, without a knowledge of physical chemistry, 
will find It difficult to believe that sulphuric acid, for example, will 
not dissolve a stick of zmc if the latter be chemically pure If, on 
the other hand, the zmc is impure, that is to sa)', contains traces 
of other metal as alloy or other metals adhermg or cast withm or 
upon Its surface, the zmc wiU dissolve with rapidity It is quite 
well known m this connection, that m the preparation of hydrogen 
by throwmg granulated zmc m dilute sulphunc acid that the evo- 
lution of the gas is greatly promoted by the addition of some scrap 
platmum or a few bright iron nails Ostwald, m his wntmg con- 
cemmg this very pomt, speaks first of wrappmg a platmum wire 
around the top of a rod of /me and immersmg its lower end m 
dilute acid If the rod of zmc is chemically pure there will be 
no appreciable chemical action if the free end of the platmum 
TV ire does not dip m the acid If, however, the end of this platmum 
wire IS immersed m the ^id, the zmc will go mto solution rapidly, 
and hydrogen will be hbeiated from the immersed end of the plati- 
num wure Ostwald also states that it is not necessary for the /me 
to be surrounded by the platmum wire, for ff such a vdre touches 
the zmc at any point where it is immersed m the acid, solution 
wdl take place It was also suggested that the zinc and platmum 
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Wire be joined at one place and then tlie fiee lower ends of both 
7inc and platinum be unraersed in a vessel containing, for example, 
potassium sulphate A .poious partition is placed between the 
immersed zinc and the platinum so that the electrolyte around the 
zinc IS separated fiom the electrolyte aiound the platmum 
Ostwald then asked the foUowmg question “To which metal must 
we add sulphuric acid in order that the zinc may be dissolved?” 
This question, to the general chemist without a knowledge of 
certain fundamental prmciples of electrochemistry, would appear 
to be an absuid one, for it would seem to him to be very evident 
that the acid should be poured into the partition contaming the 
zinc If such an experiment is carried out we will find that m 
ordei to secuic the solution of the zinc, stiange as it may appear, 
the acid must be added to the compartment contaming the platmum 
When the zinc dissolves, a brisk libeiation of hydrogen gas is 
observed from the platmum This experunent is illustiated m 
Fig no and consists of two beaker glasses contammg a solution of 



potassium sulphate, joined together by a siphon-tube contammg 
some of th^same solution In the left of oi*r illustration may be seen 
a ceU of glass, cylindrical m shape, on the pattern of an- ordinary 
lamp-chmmey, its upper end bemg htled with a perforated stopper, 
as shown, carrymg a* rod of pure zme The lower end of this 
cyhnder is tightly closed with vegetable parchment, sunply to act 
as a porous diaphfagm In the present arrangement of two beakers 
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separated by a siphon-tube this precaution to prevent diffusion 
currents is not absolutely necessary The glass cylinder carrying 
the zinc is, of course, also filled with the solution of potassium sul- 
phate A piece of platinum wire is wiapped around the top of the 
zinc bar, and a second piece, temunatmg in a spnal to give it more 
suifacc, IS unmersed in the distant beakei If now a few drops of 
sulphuric acid be mtroduced within the cylindrical cell containing 
the zinc, there will be practically no solution of the metal If, on 
the other hand, a few drops of sulphuric acid are poured into the 
beaker at a distance, and connected by the siphon containing the 
platinum coil, a brisk evolution of hydrogen will take place from this 
platmum wire, and after a few minutes the presence of zinc sulphate 
within the glass cylinder sui rounding the rod of zme may be proven 
by analytical means In the drawmg one wiU obseiwe an 
arrow pointing toward the rod of zinc in the left-hand beaker, and 
just above the arrow the platmum wires are shown in contact If 
after adding sulphuric acid to the right-hand beakei, as shown in 
the drawing, the liberation of hydrogen from the platmum spnal 
and solution of zinc in the left beaker ds noted, we sepaiate these 
platinum wires from contact, the liberation of hydrogen ceases 
together with the solution of zinc Upon touching the platmum 
wires together again, however, the chemical action recommences, 
and if we brmg a sensitivd magnetic needle in the neighboihood 
of the platinum wire we will find that an electric current is flow- 
ing through It in the direction of the arrow, namely from the right- 
hand beaker contaimng the platinum to the left-hand beaker con- 
tammg the zinc 

The explanation of these phenomena is comparatively simple 
when based upon the theory of electrolytic dissociation The 
source of the current in a voltaic cell may be, therefore, understood 
from the foUowmg consideration When a rod of zinc is immersed 
m a solution of a neutral salt, potassium sulphate for example, 
zme ions are sent off m Solution because of the solution* tension of 
the zinc • These zme ions are driven into solution because of the 
solution tension of zme in an analogous manner to the sendmg 
off of ether molecules mto the air when an 6pen vessel of ether is 
allowed to stand in the laboratory In the case of the immersed 
zinc It IS made negative in electrical sign, and the solution which 
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has received the 10ns, which are positive in sign, becomes itself posi- 
tive Thus solution continues until a difference of potential in 
solution is estabhshed Again compaiing the phenomena of vapor 
tension, ether m an open vessel would continue to evaporate until 
an equilibrium is estabhshed In the case of the zmc rod immeised 
in the sodium sulphate solution, the numbei of zinc 10ns driven 
off, although very small, establish an eqmhbrium after a while 
Referring once more to the case of the zinc rod in the electiolyte, 
the driving off of the zinc 10ns Avill cease after a certain point has 
been obtamed, because of an excess of positive 10ns in the solution 
In order that more of the zinc 10ns may be driven out some of these 
positive 10ns must be removed If the zinc is connected with 
anothei metal, for example our platmum wire, such platinum wire, 
of course, takes the same negabve charge as the zmc When the 
negative end of this platinum wire, therefore, is coiled and immersed 
m the solution it attracts the excess positive zinc 10ns wluch e’>.ist 
in the solution We might expect, from the description of the 
experiment as fai as we have gone, that the zinc 10ns in the solu- 
tion would be attracted to the platmum spiral, give up their charges 
and deposit theieon, or, m the case of potassium, decompose the 
water which is present with the hberation of hydrogen The be- 
havior m such a state of affairs depends upon, not only the nature 
of the ion, but of the electrode also In such an experiment, with 
the positive ion, whicli is the potassium resulting from potassium 
sulphate, the diffeience m potential pioduced upon the mtroduc- 
tion of the zinc is insufficient to cause the potassium ion to give 
up Its charge to the platinum If, however, a little sulphuric acid 
is added to the beaker at the right contaimng the platinum coil, 
and tile wires are m contact, the difference m potential produced by 
mtroducmg the bar of zmc is sufficient to compel the hydrogen 
to give up Its positive charge to the platmum spiral and appear upon 
its suiface as mmute bubbles The hydrogen 10ns in their becom- 
ing hydrogen atoms give up positive electiicity to the platmum, 
neutrahzmg the negative charge which the latter carries A current 
of electricity wiU then flow along the wire m the direction of the 
anow, as mdicated, to the zinc, which wiU, of course, become less 
negative than before the hydrogen separated at the platinum spiral, 
and the difference in potential between the zinc rod and the sur- 
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roundnig solution becomes less More zmc will, therefore, dissolve 
or be driven into solution as zinc ions Additional hydrogen ions 
give up other chaiges to the platinum spiral and separate as gas, 
which, of course, in turn tends to make the zinc still less negative 
Now, as long as we have the circuit closed, we wiU have an electric 
cuiient, one from the platinum to the zinc as a result of the con- 
vei-sion of positive hydrogen ions to the ordmary hydiogen atoms 
We have already icf erred to the fact that pure zinc docs not dissolve 
m acids, while zinc which is impure displaces the hydiogen of an 
acid with readiness, or, as we may say in populai language, dissolves 
The tendency of zinc, whether pure or impuie, to go into solution 
IS the same, only m one case it does and the other case it does not 
Puie zinc, howevci, dissolves leadily in an acid, or as we may say, 
technically speaking, displaces the hydrogen in an acid with avidity 
when m contact with some otliei metal of lowei solution tension, 
such as platinum foi example, immeiscd in the acid The differ- 
ence IS not m the solution of the zinc, but is due to the ease with 
which hydrogen may escape from the solution The presence of 
such a metal as platinum with a veiy'low solution tension, allows 
the hydiogen to escape from its surface with ease, and upon this 
punciple ve may see why impure zinc dissolves in acids, when 
such impuiitics of low solution tension exist and act as points, or 
surfaces fiom which the hydrogen ions may dischaige their elec- 
tricity and escape as hydiogen gas With a stick of impure zmc 
we have numerous iinpuiities in the way of species upon its surface 
of a lower solution tension than the zinc itself, and we will have 
a multiplicity of little galvanic circuits between the zmc impuii- 
ties and tlirough the electrolyte from the impurities to the zmc 
through the point of metallic contact The reason why chemically 
pure zinc will not dissolve may also be asciibed to the fact that this 
metal itself has very high solution tension and sends its own positively 
chaiged ions into solution under a high solution tensiqn opposing 
the tension of any other positive ions, like hydrogen for example, 
upon It The rod of puie zmc will not dissolve m acids, therefore, 
because the hydiogen ions cannot give up tj;ieir positive charges to 
it to escape as hydrogen molecules As we saw by referring to 
Fig 109, electromotive force is an exponent of solution tension, 
and from the experiment as depicted it may be seen that this solu- 
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tion tension is independent of the size or area of the metals immefsed 
m an electrolyte A difference in potential between the metal and 
the electrol3dc is therefore established, which proves to be the fun- 
damental origin of the E M F , pioduced in any given combination 
We may asciibe the direct cause of this difference of potential 
to the solution tension of the metal which tends to drive ions 
from the metal into solution, making the metal itself negative in 
sign and the solution positive m sign, because of the presence of posi- 
tively charged ions It may be pointed out here that we also have 
a pressure ni such a cell antagonistic to the solution tension of the 
metal, and this is the osmotic pressuie of the solution itself, which 
tends to cause the ions diiven out to separate on the clectiode in 
the metallic condition As a consequence of these opposing forces 
we have the formation of a double layer so to speak, and the dif- 
ference in potential between the metal and the solution This 
double-layer phenomenon is referred to in the electrocheimcal woiks 
as a Hchnholtz double layer Dr Nernst veiy clearly describes 
the phenomena of the Hehnholtz double layei in such a concise 
and lucid manner that it is deemed of value to the student to trans- 
late his own words upon the subject heie “Let us now consider 
what will take place if we dip a metal whose electrolytic solution 
tension is P into a solution of one of its salts , tlie osmotic pressure 
of the metal ions in this solution being p Let at fust P>p, at the 
moment of contact a number of positively charged metallic ions, 
driven by this large pressure, wiU pass into solution Since by the 
latter a ceitain amount of positive electricity is carried from the 
metal into the solution, the liquid receives a positive charge, which 
arranges itself in the form of the positive ions contained m the 
solution on the surface of the metal At the same time there is, of 
course, a corresponding amoimt of negative electricity set free in 
the metal, which also passes to the surface of the metal We recog- 
nize at oqce that at the surface of contact of metal and electiolyte 
the two kinds of electiicity must accumulate m the form of a double 
layer, wliose existence, as is well known, was made probable some 
time ago by Von Helmholtz in an entirely different way 

“This double layei furnishes one component of force, which 
acts at right angles to the surface of contact of the metal and the 
electrolj^e, and which tends to diive the metaUic ions from the 
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electrolyte oa to the metal, and thus acts in opposition to the solu- 
tion tension Equihbnum will be, of course, estabhshed when tliese 
two forces equalize one another The final result will be the appeal - 
ance of an electromotive force between the metal and the electro- 
lyte, which will give rise to a galvanic current from the metal to the 
hquid, if by any device its existence is made possible 

“liP<p the reverse of course takes place Metallic vins separate 
from the electrolyte and are precipitated on to the metal until the 
electiostatic component of force of the positive charge of the metal 
and the negative charge of the liquid thus produced are m equdibrium 
with the excess of osmotic pressure An electromotive force again 
appeals between the metal and the electrolyte, which, under suitable 
conditions, gives rise to a galvanic current, but m this case opposite 
in direction to the case first considered 

“If, finally, P^p the metal and electrolyte are m equihbnum 
at the first moment of contact, therefore, no difference in potential 
exists between the two ” 

In our practical and experimental work it is very important that 
we note quantitatively the potential differences existing between 
metals and solutions, and m order to practically determme this 
wc will adopt the method involvmg a “normal electrode ” This 
method employs the use of^a previously prepared electrode, which 
has been termed a normal electrode, because its potential is known 
This normal electiode is connected with a metal whose diffeience 
in potential we wish to ascertain and the E M F of the entire 
system detennmed As we know the potential of the normal elec- 
trode, that of the metal under exammation is easily determined, 
the E M F of the two when properly combmed bemg the difference 
between the potentials on the two sides The use of the normal 
electrode may be imderstood by referring to Fig in, where at the 
extreme left we have the normal electrode equipment, the beaker 
glass m the center con taming the metal x, whose tension we aie 
about to study, while at the right we have a sensitive standard 
volt-meter The normal electrode equipment consists of a wide- 
jnouth glass bottle contaming a layer of purified mercury m the 
bottom, as mdicated On top of the mercury a layer of mercurous 
chloiide IS placed, and on top of this a normal solution of potassium 
chloride is poured A platmum wire which passes through a pro- 
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a second hole in the stopper of this bottle and dips in the normal 
potassium chloiide solution, after havmg itself been filled with the 
same electiolyte Connection is made witli the mercury through 
the platinum wire, msulated by the glass tube, and this mercuiy 
serves as one electrode The siphon is inserted m the liquid, whose 



potential agamst the meTal under examination we wish to leam 
The metal" in question serves as the other electrode and is connected 
up with a sensitive volt-meter, as shown, and the E M F of the entire 
system determined The electromotive force’ between the mercuiy 
and the potassium chloride is 56 volt at the ordinary temperature 
of the laboratory This 56 volt may be used as a constant for our 
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normal electrode, no matter what its size, if put together with chemi- 
cally pure matenals upon the plan as indicated If the liquid in 
the beaker containing the metal, whose tension is to be measured, 
reacts chemically with potassium chloride, the solution of some 
mdifferent compoimd may be interposed between the two Fig iia 
shows a very neat and convenient design for a normal electrode 
Heie we haye a glass vessel contaming a platinum wire fused mto 
its lower end to make contact with the mercury The meicurous 
chloiide IS then put in position, as m the previous case, and the 
normal potassium chloride solution put on top and made to fill the 
siphon, which in this mstance is fused into the side of the vessel 
This form of normal electrode is conveniently held m an non retort 
clamp as shown 

The followmg table is taken from the work of Neumann and 
represents the differences of potential between several metals and 
normal solutions of their salts 


Metal 

Magnesium 

Alummium 

Zinc 

Cadmium 

Iron 

Cobalt 

Nickel 

Tm 

Lead 

Gold . . 

Platinum 


Chloride 

I 231 Volts 

I OIS " 

0 503 “ 
0.174 “ 

O 087 “ 

— o OIS “ 
-o 020 “ 

-o 085 “ 

-0 09s “ 

-I 356 

— I 066 “ 


We have learned that the solution tension of a metal is respon 
sible for the difference in potential between itself and the electro- 
lyte mto winch it is immersed If we deteomine the potential differ- 
ence and the value of the osmotic pressure of the positive 10ns m 
solution, we have the data necessary for calculating the solution 
tension of the metal 

A few common metals arranged m the order of their solution 
tension is given below, land this may be termed a tension senes 
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Magnesium, 

Zmc, 

Aluminum, 

Cadmium, 

Iron, 

Cobalt, 

Nickel, , 

Lead, 

Mercury, 

Silvei, 

Copper 

A metal anywhere m the above scries will tend to precipitate 
from Its salt a metal located lower in the series, for example, zinc 
will precipitate copper from its sails, etc A nietal at any pomt 
in the series, when made an electrode in a cell of battery agamsl a 
metal lower in tlic series, serving as the other electrode, will throw 
off ions m the solution, and thereby become the negative pole Zmc 
is the negative pole in almost all cells of battery The position 
of a metal in the tension series is of extreme interest to us m the 
design of primary batteries 

We will close the piesent chapter by a consideration of the 
energy of the primary cell based upon a known chemical reaction 
If we know the chemistry of a cell of battery we can, by a simple 
mathematical process, predict what its electromotive force will be 
This calculation may be very simple or very complex, depending 
upon whicli way we attack the problem As it has been the aun 
of the author to avoid the higher mathematics in the present work, 
we will proceed vnth a comparatively simple formula Let us, 
therefore, select a typical simple cell, look into its chemistry, 
and predict therefrom the maxunum electromotive force which 
such a cell is capable of giving This work will take us back into 
certain of our fundameiftal prmaples as introduced in the .early 
portion of the present book and involve Faraday’s Law, together 
with several fundamental units, and the most important constant 
96,540 Foi this purpose of illustration we may do best by select- 
ing the well-known Daniell type of element, or cell Helmholtz has 
pointed out that a relationship may be estabhshed between the energy 
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of the chemical process, or, in other words, the chemical energy of 
a cell, and the electrical energy pioduced m exchange It will be 
seen that under ordinary conditions, most of the energy which could 
be obtamed as the heat of chemical action can be converted into 
electiical energy and be made to do work as an electnc cuiient 
If we allow Q to represent the available heat energy, foi qpe giam- 
equiv^'aleUt of a compound that enters into chemical combination 
in a cell, it may be assumed in some cases that an amount of elec- 
tiical eneigy equivalent to this heat energy can be obtamed from 
the cell for each gram equivalent of chemical tiansfer In the case 
of a Daniell cell, the conditions may be represented by the following 
equation 

Cu, CUSO4 Solution, ZnS04 Solution Zn 

After the cell has been allowed to do work, the condition of affairs 
may be lepresentcd as follows 

Zn, CuS04='Cu, ZnS04 

Zinc IS therefore dissolved at one pole of the batteiy, and copper 
IS deposited at the otliei The heat value of such a icactiOn is 
the diffeience between the heat of formation of copper sulphate and 
zinc sulphate m aqueous solution. Wc-. have, theicfore, 106, ogo - 
55,960 =5= 50,130 calories per gram-equivalent Wlien 325 giams 
of metalhc zme displace an equivalent of metalhc copper from a 
solution of sulphate of copper, 25,065 calories aie set free We 
will remember from our study of Faraday’s Law that about 96,500 
coulombs of electricity are obtained for every 32 5 grams of zinc 
transpoited, so if this displacement takes place m a suitable cell 
we will have 96,500 coulombs of electricity dehvered to us We 
also learned that the Joule, which is the product of r volt by i cou- 
lomb, IS equal to 00024 large Calories or 24 small calones The 
elcctiical erfergy equal to this number of h^at units is 25,065 — 24 = 

104,240 Joules, therefoie calc&lation is 

quite similar in character to the method introduced when we weie 
calculating the minimum E M F required to decompose the giam- 
molecular weight of any electrolyte when its heat of formation is 
known The Daniell cell, therefore, should give us an E M F of 
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1 o8 volts, and duect measmement of this cell gives us i 09 to i i 
volts It -will, theiefoie, be seen how close we may come to 
the prediction of E M F. of a cell when we know its general 
chemistry. 



CHAPTER XVII 


THE SECONDARY CELL 

The secondary cell m many ways is immensely superior to all forms 
of primary battery and is of the utmost mterest to elecirochcmists 
Unlike the primary cell, it is not susceptible to polarization, or 
counteraction, resulting from the formation of a film of hydrogen 
gas upon the surface of the negative electrode As hydrogen is 
negative to zinc, foi example, a counter clectiomotive force is set 
up and the conditions very materially modify the output in "the 
external circuit Efforts have been made to diminish this in the 
primary .cell by adding depolaiizers, which substances combme 
with the hydiogen hberateil at the cathode to form water and aie, 
theretore, oxidizmg agents, bichi ornate of potash is frequently used 
foi this purpose Whereas the chemistry of the prmiary cell is well 
known, that of the secondary cell or, storage battery using lead 
plates and sulphuric acid is far from bemg understood by chemists 
Ahnost any reversible type of primary cell may be termed a storage 
battery, because of its reversibility The origmal condition of the 
electrodes and electiolyte may be re-established after a general altera- 
tion has been wrought To give a simple example, let us immerse 
in a beaker contairung dilute sulphuric aad, a stick of chemically 
pure zinc and a strip of platinum We have learned from our 
previous study of the primary cell that no chemical action will take 
place unless suitable wires are joined to these two metals and brought 
mto contakt as in an external circuit We will then have, as we 
know; zinc ions being forced into solution and hydrogen ions discharg- 
ing upon the platinum electrode An electrical current flows through 
the wire connector and after a time the electromotive force will be 
found to fall An analysis of the dilute sulphuric acid will leveal 
the presence of zme sulphate, and we have seen that a certain quan- 
ta; 
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of hydrogen has escaped as gas There will be minute bubbles 
of hydrogen clinging to the platinum, however, and it is due to this 
fact that we have the phenomenon of polanzation By adding 
potassium dichromate to the dilute acid solution we can effectually 
prevent the formation of the hydrogen bubbles and maintain a 
more constant electromotive force We can also brmg about this 
depolarization by substituting a rod of copper oxide, for example, 
for the platmum, which will be reduced to metallic copper bv the 
hydrogen liberated upon its surface The cell will then furnish a 
certain amount of current and do a definite amount of work 
There will be found no sulphunc acid left, but a concentrated solu- 
tion of zme sulphate instead The zme electrode has been partly 
consumed The zinc, of course, has displaced m the aad the 
liydrogen, which is set free Upon sendmg an electrical current 
through the cell m the leversed direction, however, the cell 
IS, mcorrectly speaking, recharged The “charge” m the present 
case consists in the deposition of the zme through the zinc sulphate 
upon the zme electrode and the reformation ot sulphunc acid 
Theoretically speaking, therefore, the only thmg lost dfinng the 
discharge and charge of this particular cell is hydrogen and oxygen 
gas 111 the propoition in which they unite to form water Such a 
storage cell is not of a practical nature, however, and has simply 
been introduced to show th^ general prmciple upon which reversible 
cells depend Let us, m our study of the lead-lead-sulphuric acid 
accumulator, or storage battery, experiment a httle, and for this 
purpose we may best begin by constriictmg a simple cell, study its 
practical behavior by chaigmg and dischargmg it, and examine 
the plates and electrolyte, by experimental methods, before we 
look into the theory Fortunately, there is no more easily con- 
structed type of cell than a simple storage battery For oui experi- 
mental purpose let us construct a cell, as illustrated m Fig 113 
We may use a rectangular glass cell or large beaker A rectangular 
glass cell IS preferable, however, and one about 6 inches high and 
about 6 inches long by 2 J mches wide will answer our reqmrements 
A lectangular glass jar is to be preferred, for the reason that the lead 
plates leqmred may be cut m a convenient shape to hang over 
the mouth of the jar These lead plates should be cut from sheet 
lead, not over J of an mch m thickness, and may be provided with 
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lugs and shoulders, as shown by the diagrarn of the plate m the center 
of the illustration To assemble and charge such a cell we wiU 
put mto the jar an electrolyte, consisting of one part of concentrated 
sulphuric acid sp gr 1 84 to ten parts of distilled water The 
lead electrodes are immersed therem after havmg been thoroughly 
cleaned by dipping them mto dilute nitnc acid, if the lead was not 
perfectly free from impurities beforehand A small cell of this 
charactef may be easily charged m a very few mmutes by connecting 
it to the motor-generator and supplymg about 8 amperes to it under 
a potential difference of not less than 4 volts The cell may also 
be charged by includmg it m the iio-volt electric lighting circuit 



with a couple of lamps m multiple arc The primary effect of 
the electric current is to decompose the water between the lead 
electrodes The liberated hydrogen escapes from the cathode^ 
therefore, and the electrolytic oxygen from the anode The anode 
plate, if perfectly bright, may be seen to darken under the oxidizing 
action of f]ie electrolytic oxygen, whereas the cathode assumes a 
characteristic lead-gray color For the first few moments, until the 
two electrodes are reduced and oxidized respectively, there may be 
no oxygen and hydrpgen liberated The oxygen is oxidizing 
the metafile lead on the one hand, and the hydrogen is 
reduemg any oxides which may be upon the opposite electrode, 
on the other hana After a while, however, bubbles of gas wifi 
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appear at the cathode and soon afterwards at the anode, when any 
further current furnished will not go to charging the cell, but be 
expended m electrohzing the acidulated water present without 
any further useful end 

The central diagram m Fig 113 illustratmg the form of lead 
electrode also mdicates in the shaded poition A, the manner m 
which the lead oxide leaves the surface of the oxidized plate on 
discharge By referring to Fig 114, this plate is sh6wn''in three 



Fig 114 — Diagram Showing the Appeirmte of the Positive Plate in Iliree 
Stages of Discharge 


stages of discharge When the cell is completely charged the entire 
surface of the annode or positive electrode is darkened with the 
oxide film Upon discharge, however, the oxide film begins to 
leave 01 retreat from the bottom and also the sides of the plate, 
the diminishing aiea being depicted by the shaded areas 
and D m the figure It is of mterest to note that so long as we 
have a small area of this oxide film, the E M F of the cell is prac- 
tically constant This is analogous to the E M F of a primary 
cell which, as we saw, is a fixed value whether the electrodes are 
.immersed to a large or small extent The E M F , therefore, is agam 
due to the phenomenon of solution tension If we fully charge 
a Icad-lead-sulphuiic-acid accumulator we will find that for a short 
period of tune the cell is,capable of givmg us an electromotive force 
of over 2b volts This E M F has but a very short duratKirr, and 
is believed to be due to the occlusion of hydrogen by the cathode 
plate, which, after repeated chargmg and disdiaigmg, assumes 
a more or less porous and spongy character We will theiefore fre- 
quently obtam from storage cells havmg porous or spongy cathode 
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plates, an electromotive force as high as 24 volts for short 
periods of time After we have'charged and discharged the experi- 
mental cell, with which we are dealing, we will be able to notice 
this interesting phenomenon If now we allow the cell to do work 
by dischargmg it through a suitable external resistance, mterruptmg 
the current momentarily at regular intervals and measuring its 
E M F , or electrical pressure, we will find it to be a trifle under 2 
volts an?i constant up to a certain point, when its value falls abruptly 
In other words, a storage battery will yield a good current at a con- 
stant voltage for a certam length of time, when the bottom -will, so 
to speak, fall out all at once By referrmg to the diagram in Fig 115, 



Fio 115 — Diagram Illustrating the Character of Discharge of a Secondary Cell 


the dischaige of a typical storage battery is plotted m the form of a 
curve for twelve hours Accordmg to this diagram the cell gave a 
current under a difference of potential of a trifle less than 2 volts, 
when an abrupt falbng off of the electromotive force was note^ 
For twelve hours, therefore, we may refer to the cell as having a 
horizontal bne of discharge This is an idealized curve, for m 
practice iRis discharge-lme is never perfectly horizontal, although 
verynearly so We should plot such a curve with oui storage cell 
by readmg a delicate volt-meter across the electrodes at, let us say, 
mmute mtervals without mterruptmg the flow of the current m 
the external circuit We should now experimentally determine the 
changes which take place in the electrol)d;e, that is to say the density 
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changes that are wrought in the sulphunc acid solution upon charge 
and discharge 

During the dischaigc of a cell of battery the density or specific 
gravity of the electrolyte falls, and increases again on charging By 
knowing tlic density, therefore, at the point of full charge, and at 
full exhaustion, we may learn something of the state of the cell 
between those points by specific gravity determinations For our 
experimental cell a sensitive type of hydrometer may b*e employed, 
as depicted m Fig ii 6 This peculiar construction is the design 



of the author as applied ‘to storage-battery study in 1895 It 
consists of an ordinary glass hydrometer equipped with a metal cap 
with a V-shape bearing to support a small knife edge on the end 
of an aluminum beam The other end of this aluminum beam 
is equipped with a similar knife edge, which rests in a like V-shape 
bearmg, mounted upon a standard which is earned by a float This 
float IS provided with a central aperture, not unhke that m a cake 
dish through which the stem of the hydrometer passes A tiny 
mirror is mounted on one end of this alummum bar, to receive 
a beam of light which it reflects upon a scale analogous to that on 
the rcflectmg galvanomelar, only m the present case the Scale is ver- 
tical m place of being horizontal. It will now be appreciatedTfrom 
a glance at the diagram, that the mmutest changes in specific gravity 
iliay be noted by the movement of the spot bf reflected hght upon 
the graduated scale Another form of specific gravity mdicator 
which will prove useful in our experimental study of the cell is 
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illustrated in Fig 117, which is the design of Mr J S Sellonj'and 
although not so delicate as the one just described, has a useful and 
practical application for experimental work We can now" charge 
and discharge our cell, ineasuiing the energy supplied and the 
energy dehvered, examine the electi odes and their bchavioi , and the 



Fig ity — SelJon’s Design of Hjdiometei as Applied to Secondary Cells 


physical changes which take place, such as the density alterations 
m the electrolyte What now can be said regaidmg the theory of this 
type of battery ? It would appear at first sight to be an easy matter 
when we have such simple elements entermg into the construction 
as pure lead plates and dilute sulphuric acid Unfortunately, if we 
attempt to follow theoretically the transformations which takes place 
in a complete cycle, that is to say the chargmg and discharging of a 
seeqa^iary cell, we will find that we become lost a number of tunes in 
the determination 

Regardmg the chemistry of the stoiage battery m view of tlje 
exceedmgly difficult chemical pioblems mvolved, we will do well 
to quote from Professor Ayrton’s paper on the “Chemistry of 
Secondary Batteries 
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"The physical qualities of the cells are capable of very accurate 
estimation and investigation But when you come to attempt to 
ascertain the chemical changes that occur in tlie chargmg and dis- 
charging of a storage cell you encounter formidable difiiculties 
The outsider has no idea of these difficulties Nothmg seems more 
simple than to determine the chemical changes that take place m 
either the positive or the negative plate of a storage .battery It 
is not so in leahty The substances used as actve matciials are 
in the first place mixtures, and the matcnals obtained at the end 
of the reactions aie also mixtures, and these mixtures aie insoluble 
in any reagent which docs not decompose them They cannot be 
volatilized , they cannot be subjected to any process of solution and 
ciystalhzation m order to separate and punfy then elements ” 
There arc, howevei, seveial theories advanced to account for 
the charging and dischargmg of a storage battery, and we would 
do .well to consider some important ones here Let us first take 
up the theory of Plants 

The fiist diagram illustrates the effect of the electric cuircnt in 
the formation of sulphate of lead by the* substitution of leacl for the 
hydiogen m the sulphuric acid 

- T 

H 2 SO 4 H 2 SO 4 H 2 SO 4 Pb 

= 2H2S04 + PbS04 



The second diagram shows the production of persulphuiic acid’ 
by the ehmmation of a further molecule of hydrogen 


T 

H2SO4 


H2SO3 o 


= H2S208 


The third diagram shows how the formation of peroxide of lead 
may take place by the rg^ction between persulphuric aad and sul- 
• phate of Ifad m the presence of water. 

I 

H2S2O8 1 I 
2 H 2 O I 


= 302504+ PbOa 
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The fourth diagram shows the production of a second molecule 
of persulphuric acid by the current proceeding from the peroxide- 
coated anode, and also the decomposition of the persulphuric acid, 
m the presence of water, which results in the formation of peroxide 
of hydrogen and the refoimation of sulphuric acid 

“ T fp + 

H2SO4 H2SO3 o g 

H2S208 ( _ j H202 
2H20 f 1 2H2S04 

Another theory of the storage battery is as follows During the 
discharge of a cell both electrodes are converted into lead sulphate 
with the abstraction of SO 4 from the electrolyte, which diminishes 
its specific gravity The change on the anode or positive electrode is 
believed to take place in two separate stages First, the leduc- 
tion of the peroxide of lead to the monoxide, and theti the conversion 
of the monoxide of lead mto the sulphate of lead When the 
cell IS charged wc have the reverse, the sulphate of lead bemg 
converted mto the peroxide on the positive plate and metallic lead 
on the negative plate or electrode According to Treadwell, the 
generally accepted theory at present is that of tlie direct formation 
of lead sulphate at both electrodes, “each molecule of the peroxide 
IS supposed to loose an atom of oxygen, and each atom of spongy 
lead to gam an atom of oxygen Two molecules of hydrogen sul- 
phate are thus abstracted from the electrolyte to react -with the 
peroxide or spongy lead, and their places are taken by 2 molecules 
of water 

PbOa + H2SO4 = Pb&Oi +H2O + O , 

and that for the negative plate is 

Pb 4- O -I-H2SO4 = PbSOi+HzO , 
or, mcluding both reactions in one equartion, 

PbOa + 2H2S04-I-Pb =PbS04 +2H2O PPhSoJ 

“Thus the final result of the complete discharge of a cell is to 
form lead sulphate and water by removmg sulphuric acid from the 
electrolyte and depositing sulphate of lead upon each plate 
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“ The above is, fortunately, a self-limiting process, since the sub 
phate IS a poor conductor All the pei oxide is therefore not acted 
upon, and at the end of the discharge we have peroxide of lead 
crystals covered with a coating of sulphate ” 

So much for the study of conditions The cell illustrated in Fig 
113 IS of the simplest possible type, and, because of the limited 
electiode area of smooth metaUic lead, has but a very low current 
capacity When fully charged it will give a current for but a few 
moments, and for this reason is only adapted for the briefer kmd of 
research and study This battery can be mcreased m capacity by 
roughening the lead plates thiough the agency of a knurl or other 
suitable tool 

, The battery can also be wonderfully increased m efficiency by 
not only roughening the anode 01 positive plate, but by preparing 
It by filling it in with active material The practical cells of battery 
on the market tfi-day consist of such specially prepared plates, which 
are termed grids It would be almost impossible to describe or 
iHustiate the various designs or types of grids uitended to meet the 
lathei trying conditions of practice_^ Perforations of every c oncei vablc 
shape and siae, grooves, mat-work, applications of disks, buttons, 
chambeis, etc , etc , have been devised in order to hold the active 
material, prepared in numerous ways, to form the positive plate It 
would require a special treatise on the storage battery to begm to 
illustiate and to do justice to the numerous ingenious designs of 
storage -battery electiodes Apart fiom designmg a positive plate 
foi maxmutm efficiency for receivmg and holding the active peroxide 
of lead, we must design an electrode which will not “buckle” under 
woiking conditions Buckling, m storage-battery parlance, is the 
warping, twisting, and bending of an electrode due to the inequahties 
m expansion between the active material and the supporting grid 
or lead woik durmg charge or discharge With ceitam types of 
electrodes this evil is manifested if a battery is charged too quicUy 
^ or allowed to give up its available current in too short a ne no^ of 
time Twistmg or bucklmg of the electiode of a storage cell, not 
'Only rums the plates, but inteirupts the duty qf the cell m a battery 
because of the short circuitmg which is brought about A modern 
storage battery of Urge capacity is a rather costly thing, and in 
the hands of incompetent attendants may be easily damaged 
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Among the precautions in the care of the storage battery may he 
mentioned the desirabihty of having the electrolyte peifectly homo- 
geneous, that IS to say, free from strata of different acid concentra- 
tions, which will brmg about uneven action upon the electrode 
Great care should be taken to prevent foreign bodies from falhng 
in between the plates, and to supply pure water to make up for loss 
due through electrolysis and evaporation The battery should 
be charged at eitliei constant voltage or constant current, the 
current bemg supplied to the battery under a potential difference 
only a little higher than that of the battery itself For example, if 
ye wish to charge ten cells of stoiage battery m series, a current 
under a pressure of about 30 volts will be good practice In the 
charging of a single cell, therefore, we should not seek a high-pres- 
sure current, but would prefer one with a voltage of about 2 to 3 
volts In chargmg the battery, we must know the current density 
conditions which the battery will stand, that is to say, we should not 
supply too many amperes per square foot of electrode area The 
same question is mvolved when the battery is allowed to do work, 
and may be injuied as a dynamo may be mjured if allowed to dis- 
charge through an external circuif of too low a resistance In the 
case of the battery we are liable to have buckling due to the heavy 
current passmg, and m the case of the dynamo wc are liable to burn 
out the aimature Too large a charging emrent, apart from the 
liability of injunng the battery, is very uneconomical, for a good 
deal of the electrical energy is transformed mto heat Wc should, 
therefore, keep the charging current comparatively low if we seek 
economy, unless the time of chargmg is to be counted as one of 
the elements m cost Too low a chaigmg current, on the other 
hand, is also injurious to the cell, for it is found to produce the white 
sulphate of lead upon the positive plate, instead of the active pur- 
oxide, which we seek Gladstone and Tnbe, in their work entitled, 
“Chcmistiy of Secondary Batteries,” bring out this pomt as follows 
we take two plates of lead m’ dilute sulphuric acid and 
pass a current fiom only one Grove cell, a film of white sulphate, 
instead of peioxidc,_^ makes its appearance on the positive plate, 
and the action practically ceases very soon If, however, the current 
IS mcreased m strength, the sulphate disappears, and peroxide 
is found m its place ” 
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With a good battery a safe rule to follow is to furnish current 
to the extent of about 8 amperes per square foot of electrode area 
After a battciy has been fully charged, oxygen and hydrogen 
gases are, of course, given off at both electrodes, and the energy 
which we are furnishmg the cell merely goes to the decomposition 
of water with the setting free of the component gases This con- 
dition IS termed “boihng,” which docs not, as we havc.seen, refer 
to any phenomenon due to heat, but merely to the setting free of 
large volumes of gas In charging a battery it should never be 
allowed to fully dischaige, about 30 per cent of the available energy 
being left in every case The voltage of a storage cell under load 
should not be allowed to fall below i 8 When a cell is left to stand 
without domg work, it should be fuUy charged 
' There are several methods for calculating the capacity of a 
storage cell in ampeie-hours, and as they are purely electrochemical 
in character should be touched upon before we close the present 
chapter The number of coulombs mauitamed by the consump- 
tion of a chemically active substance vanes with the change of valence 
and mversely with the molecular weights of the transforming sub- 
stance According to Treadwell,* the combustion or hbciation of 
one pound of hydrogen corresponds to 12,160 ampere-hours 
The theoretical current capacity, therefore, in ampeie-hours 
may be figured from the following rule 

“ 7 = the change of valence of the 10ns, 

W =thc sum of the molecular weights affected, and 
12,160 “the capacity per pound of hydrogen 

mu I j i2i6oX7„ 

Then capacity per pound = — ” 

Regarding lead sulphate, which is the ultimate product at both 
electrodes, we obtain as thg value of the active material by the use 
cof the aboye formiild 40 24 ampere-houis, or 80 48 watt-hours|^er 
pound of lead sulphate, with the lead-lead-siilphunc-acid battery 
For the calculation of electromotive force* of storage cells we 
have the following from “Chemical Theory of Accumulators," by 
E J Wade 
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17 = 1116 work in joules 

<2 = 1116 coulombs of elcctricily that are passed through Ihe 
eleclrolyle 

il=lhe numbei of calories hberaled by Ihe recombination of a 
unit weight of one of the decomposed ions. 
e=its electrochemical equivalent 
c = its cljemical equivalent 
h = Sie electrochemical equivalent of hydrogen 
■= 00001038 

J = Joule’s coef&cient=4 2 
£=the E M F required 


therefore 

and 

therefore 


Now, 

therefore 


W^QJeH, 

E = deH 
e = he, 

E^^JhcH =4 2X ooooxo^ScH 
= oooo436cfi' 

__ heat of formation 

cfj = -r; , 

valency „ 

^ 0000436 Xheat of formation 

valency 


Since nearly all the battery equations are expressed in terms of the 
transfer of two atoms of hydrogen, or their equivalent (that is, 
they are bivalent), and since 


0000436x46000=1 volt 




heat of formation in calones 


we have 


46000 
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ELECTRICITY FROM CARBON 

There are few problems known to man that promise such a 
fruitful reward to the advancement of scientific triumph as the one 
pertaining to the direct conversion of the energy of carbon into elec- 
tricity The benefits to be obtained from the solution of this greatest 
of electrochemical possibihties are practically without words to 
e-^press We have on earth but few piime movers when we caiefiilly 
look into- and consider the situation By pnme movers we mean a 
direct source of energy Electncity in its dynamic form, and with 
Its apphcations for purposes of doing work, is but a secondary power 
When we consider the question from the* basic point of view, wc find 
as tabulated by Joseph Henry in lus Scientific Writings, pubhshed 
by the Smithsonian Institution, the following interesting and histone 
hst , 

1 Water-power 

2 Wind-power 

3 Tide-power 

4 The power of combustion 

5 The power of vital action 

Contimung, he wntes “To this list may hereafter be added the 
power of the volcano and the internal heat of the earth, and, besides 
these, science at the present tune gives no indications of any other. 
These are denominated pnmary powers, though m reality, when 
critically studied, they may all, except the two last mentioned, be 
ref ei red ta actions from without the earth, and principally to Sana- 
tions from the sun 

“ Gravitation, electricity, galvamsm, ma^etism, and chemical 
affimty can never be employed as original sources of power At 
the surface of the earth they are forces of quiescence, the normal 
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condition of which, must be disturbed before they can manifest 
power, and then the work which they aie capable of performing is 
only the equivalent of the power which was communicated to them 

“ There is no more prevalent and mischievous error than the idea 
that there is in what are called the ‘unponderables’ a principle of 
spontaneous activity Heat is the product of chemical action, and 
electrici^ oi^ly manifests power when its equihbnum is disturbed 
by an extraneous force, and then the effect is only proportional to 
the disturbing cause It was for this reason that the existence of 
electricity remained so long unlmown to man Though electricity is 
not in Itself a source of power, yet from its extreme mobihty and high 
elasticity it affoids the means of transmitting power with scarcely any 
loss and almost inconceivable velocity to the greatest distance A 
wave of disturbance starting from the impulse given at the battery’’ 
will traverse the circumference of the earth in less time than I have 
been occupied in stating the fact 

“ Besides electricity and the principle befoie mentioned, there aie 
other agents employed between the primary power and the work, 
namely, ?hc clastic force of « team, of air, and of spnngs , also vari- 
ous instruments called machines But these must not be confounded, 
as they fiequently are, with the sources of powei It is not the 
engine which is the source of motion of the cars, nor yet the steam, 
but the repulsive energy unpaited to the expanding water from the 
burning fuel ” 

Thiough the agency of the steam-engine we obtain mechamcal 
energy which drives the dynamo for the production of electricity 
In this system, with its several transformations, the electncity 
dehvered at the terminals of the machine is traced back through 
the rotating armature with its necessary losses, through the belt or 
shaft to the engine with its fiiction and radiation, to the boilei with 
its many sources of waste, and thence to the giate-bars whcie heat 
results fiom the oxidation of the carbon supported there It is 
estimated that only S oi 6 per cent of the available eneigy of the 
carbon is transformed into useful work If now it were possible 
within a suitable cell to obtain as a result of the oxidation of carbon 
the electric current diiect without the production of heat, what a 
majestic discovery would be made' 

There is no principle of science standmg m our way, and yet 
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tlie bnghtebt mmds, m physical and chemical science have been 
unable to solve the problem Heat energy may be tiansformed into 
electrical energy, mechanical eneigy into heat energy, mechanical 
energy into electrical, etc , etc , etc , without gam or loss, as we 
learned from the great doctrine of the conseivation and correlation 
of energy Instead of getting heat energy from caibon we can, 
as far as existing conditions of science indicate, obtipn electricity 
direct From the grate-bars, boiler, engine, and dynamo with their 
combined miserable showing of 5 or 6 per cent eneigy yield, we may 
turn for an instant to the primary ceU Here we obtain electncity 
dnect from what we may term the combustion of zinc, by immers- 
ing pure zme and platinum electrodes in dilute sulphuric acid, 
with a current yield as high as 90 per cent of that theoretically 
•possible Zinc is too costly a fuel, however, except in special cases 
and upon a very small scale, and it has been the goal of chemists 
and physicists, to discover a method for obtaimng electncity as a 
direct result of the combustion of carbon 01 coal In taking up the 
consideration of this problem m the present chapter, the writer 
wishes to warn the student not to confuse thermoelectrfc deport- 
ment with the problem we really have in hand Many investi- 
gators have obtained electncity by using carbon rods in connection 
with electrodes of different composition immersed in a fused elec- 
trolyte, but the source of electricity has been ultimately traced, not 
to the primary combustion of carbon, but to thermoelectric action 
Because of the still existing likehhood of research students going 
astray in workmg on this great problem, it may be wise to introduce 
the subject of thermoelectric action first, and acquaint him with the 
conditions for its existence before the problem of the direct con- 
version of the energy of carbon into electricity is dealt with It 
was in 1821 that Piof Seeback of Berlin, noticed that by heating 
a junction of two metals m a circuit an electric current was produced 
The thermoelectric curient has been shown by heating the junction 
between two dissimilar metals of a circuit which surrounds a mag- 
netic needle whereby its direction is noted If now the source of 
heat be removed from this junction, and it be cooled by a httle ice 
o’r some absorbent cotton moistened with ether, an electrical current 
will be indicated by the magnetic needle but of opposite direction 
of flow A thermoelectric couple for experimental purposes may 
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be easily constructed by joining together two different metals, at 
their lower ends, as mdicated in Fig 118, and leading wires from 
the upper ends of a galvanometei, or milh-volt-meter If the lower 
junction is now heated there will be a current set up, as indicated 
by the little arrow, from the positive to the negative metal The 
elcctiomotive force of this current may be increased by connecting 
togcthei^a nmnber of bars, as shown at the right in tins illustration, 
and heating all the lower junctions and keeping the upper ones 


+ 







cool "It is upon this plan that the most dchcate thermometers, 
or heat detectors have been devised Nnmeious designs of thermo- 
clcctuc batteries have also been produced, some few of them having 
pi oven quite practical in operation, giving aS a diicct exchange 
foi heat energy energy in the form of electricity Fig 119 shows 
an old form of thermoelectric battery of more scientific mteiest than 
piaclical value It has been found that a couple made of bismut]i 
and antimony heated at the point of union corresponds very closely 
in electiomotivc force to a couple consisting of zinc and copper 
immersed Jii sulphuiic acid Couples ha^e been made of many of 
the*available metals, as well as from carbon, and electneal currents 
obtained undci different potentials At the point of contact between 
dissimilar conductors of electricity, whether of the metals or of carb( 3 n 
and a metal, electricity is set up in the form of a current when such 
contact or junction is heated It is for us to reahze this and take 
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it, into account m any work we may do with direct conversion of 
carbon into electricity Of all the attempts to reach a solution 
of this great pioblem by men witli every type of equipment, from 
the haphazard-tiy-and-leam character to the research worker with 
every theoretical equipment, only failure has resulted One of the 
great difficulties in the wav of solving this problem is in the fact 
that carbon does not dissolve in suitable electrolytes by the simple 
throwing off of the positive ions of the carbon 



Fig 119 — Historic Tiiermoelectric Battery 


As early as 1855 Bacquerel conducted an expenment as illustrated 
m Fig 120 A rod of carbon was immeised in a bifth of fused 
mtre contained in an iron oi platinum spoon in order to bring about 
the oxidation of the carbon and the production of the electiic current 
A galvanometer mcluded in the arcuit gav 5 a marked indication 
In 1877 Jablochkoff repeated the experiment on a large scale and 
under certain modified conditions It wiU be inteiesting for us to 
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note at this tune the possible theoretical electromotive force obtain- 
able fiom a carbon cell when the carbon is oxidized completely to 
caibon dioxide From thermochemical data, it has been estimated 
that a cell in which carbon is completely oxidized to carbon dioxide, 
the electromotive foicc obtainable is i 04 volts In the majority 
of expeiiments which have been made with caibon for the direct 
production of electricity, the most mcomplete data are given Apart 
fiom elaitromotive force indications on open arcuit regarding the 
deportment of cells, no current data are to be found One of the 
most recent carbon cells is that of W W Jacques, in which a caibon 
rod IS immersed m fused sodium hydioxide, contained within an 
iron vessel, heated externally by a furnace, the iron pot serving as a 



positive electiode, while the carbon is the negative Oxygen is 
pumped to the bottom of the fused caustic soda through a tube ending 
in a nng aiound the lowci end of the carbon, the ring being provided 
with perforations, through which oxygen under pressure escapes 
and comes in contact with the heated carbon Theie is an opening 
in the cover of this cell whereby the gaseous products of oxidation 
escape Of course, air may be pumped into the electrolyte in the 
pla^e af oxygen, although, for obvious reasons, it is not claimed to 
be so efficient Accoidmg to Jacques, the caibon withm is oxidized 
to caibon dioxide, and the energy produced is given in the form of 
an electrical current It was claimed that with a battery of 100 cells 
a cuirent of about 15 amperes was obtained for 18 hours under 
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a. difference of potential of 90 volts, tke consumption of carbon 
being about 8 pounds This performance corresponds with an 
efficiency of about 80 per cent based on tliat theoretically possible 
from the weight of carbon oxidized This calculation does not 
take into accormt the energy expended in the form of heat to keep 
tile electrolyte fluid or the energy necessary to pump the air or 
oxygen through the fused salt The device is not what has been 
claimed for it, as it is entirely wrong in principle Research upon 
this cell has proven that the electricity does not come at all fiom the 
oxidation of the carbon, but from purely thermochemical action 
The substitution of other electrodes in the place of the carbon lod 
gives us practically the same current If the carbon was oxidized 
to carbon dioxide gas m the molten, caustic soda, we know, as general 
' chemists, that it would be rapidly converted into sodium carbonate, 
which would ruin it for further usefulness 

Probably the majority of research workers on this problem have 
irnmersed a carbon rod against some metal in a strong oxidizing 
agent, fused mtre for example, in the hope that the oxidation of the 
carbon would take place with the production of the electrrc current 
In other words, the carbon is brought m direct contact with oxidizing 
agents Such a course is manifestly wrong in principle when we look 
a little into the question of primary cells If, for example, we wish 
to obtain electricity by the consumption of zinc, we may do so in 
several ways We would undoubtedly obtain a current of el&tiicity 
if we put a rod of zinc and a stnp of platinum in strong nitric acid, 
but the practice would be a most wasteful one There would be 
some electrical current produced, but most of the energy would 
appear as heat, as the result of the energetic local action of the 
nitric acid on the zinc To quote Ostwald upon the subject of 
,nlectncity from carbon, he says “The carbon cell of the future 
must have an oxidizing agent m the place where the carbon is not ” 
To make this statement dear he refers the reader to the experiment 
where zinc and platinum, arc immersed in two separate*vessels con- 
taimng a- solution of potassium sulphate and separated by a*si;^on- 
tube, as illustrated in Fig 1105 Chapter XVI In order to bung 
^ibout the economical consumption of zinc fn this system we learn 
that the sulphuric acid must not be added to the beakei containing 
the zinc, but to that contauung the platmum It is very evident that 
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if we wish to obtain electricity direct fiom carbon, as we do from 
zinc in the pnmary cell, some electrolyte must be discovered in which 
carbon will dissolve with the formation of ions It is to-day uncei- 
tain whether or not carbon lomzes m certain solutions undei the 
action of electricity, opimon being divided upon this question Al- 
though the majority of electrochemists do not beheve in the lomzation 
of carbon there are certam experunents which tend to show the 
contrary 'Papasogh and Bartoh noticed that the passage of an 
electric current between carbon electrodes immersed in dilute sul- 
phuric acid was accompanied by certam marked chemical changes 
The carbon serving as anode is beheved to go into solution for the 
reason that carbon monoxide and carbon dioxide gases appear as 
anode products together with the oxygen Coehn, in working 
along these lines was able, under certain conditions, to effect the con- 
sumption of carbon m dilute sulphunc acid, with the evolution of 
carbon monoxide and carbon dioxide gasea in the proportion of 
30 per cent ckrbon monoxide and about 70 per cent carbon dioxide, 
an evolution of only about i per cent of free oxygen being found 
The acjd assumed a reddish-brown color beheved to be due to the 
actual dissolution of the carbon , If the electrolysis is allowed to 
proceed with the carbon as anode, after substituting a platinum 
cathode, the latter becomes covered with a black deposit This has 
been analyzed and foimd to consist of carbon coiitaining occluded 
oxygtn and hydrogen gases in the proportion in which they combine 
to form water Coehn also showed that an electrode of carbon and 
one of lead peroxide in dilute sulphunc acid produced a constant 
current until the lead peroxide was reduced to lead, or else the carbon 
consumed Of all the attempts to dissolve carbon to obtain the energy 
of oxidation as electncity, none of them, however, have met with 
any real success As pointed out, there are numberless cases of 
experimental research with the most vaned type of ceU for the 
oxidation of carbon, but the electneal data obtainable are exceedingly 
meagre in most of the reports of invesj^gators, otily a statement of 
electibmotive force is given on open circuits, whereas, we know elec- 
trical data pertainmg to battenes are useless unless we have together* 
with the electromotive force a statement regarding the number »of 
coulombs the cell will furnish As many of the cells have been 
upon the general pnnciple of Jacques, an illustration of one of them 
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IS deemed of interest here Fig 121 lepresents Edison’s design, 
where we have a furnace for heating the non melting-pot The 
cover IS of an insulating material and suppoits the carbon electrode 
The electrolyte is chosen from the oxidizing agents, like nitre, for 
example, or even certain oxides, and, according to Edison, a leduction 
of the compound takes place, the oxygen combining with the caibon 
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in the formation of carbon monoxide, which may be piped off and 
used for fuel The residue resulting fiom the reduction of the 
oxide may be used over again as the negative agent of the cell 
Ffbm what we have seen this is entirely wrong in principle, and 
the electricity obtained is primanly of thermoelectric origin The 
problem to-day is one of possible solution, but no practical results 
have as yet been obtained* To enumerate the various lesearches 
upon this ifnpoxtant problem would fill a book in itself 
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USEFUL PIECES OF APPARATUS' 

As has been fiequently indicated throughout this experimental 
work, the writer believes that through the introduction of con- 
venient and useful tvpes of apparatus of various kinds, the student 
often obtains valuable infoimation in the way of suggestio^ns 
for certain lines of rescaich It is believed that in many cases the 
research student receives much benefit from a diagram of apparatus, 
especially if* he possesses ingenuity and has initiative, so to speak, 
foi investigation There will be many pioblems in electrochcmistiy 
confrositing the experimenter, some of which leqiure special types 
ot cells in order that certain fonditions of electrolysis may be 
established There are, m addition, pieces of apparatus useful in 
saving time because of their most convenient design and application 
For rapidly comparing the conductivities of various electrolytes in 
small quantities i,t would be difficult to design a more handy and 
convenient device than that illustrated in Fig 122 This cut repre- 
sents a special form of pipette equipped with a giound glass stop-cock 
in order that it may easily be held filled by closing the stop-cock 
Two simple platinum disks welded to stout platinum wiies are 
sealed into the glass, facing one another, as shown, from opposite 
sides Two bent glass tubes fused on the outside of the bulb, are de- 
signed to receive the mercury into which protrude the platinum wfres 
passing through the sides of the glass It will be evident that we 
can, without danger of bieaking oil ai^ platinum terminals, make 
and 'break electiical connection as often as we see fit by simplj^ 
immersing our conductors m the tubes and allowing therh to dip into 
the mercury Another design of cell for conductivity determinafeon 
IS shown in Fig 123 where we have a special U-shape design of 
tube with platinum disks, hoiizontally hung from platinum wires 
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sealed into the bottoms of glass tubes, which in turn are supported 
by turned wooden stoppers These tubes also receive a small 
quantity of metalhc mercury, by means of which contact is made 
with the electnc battery or other source of current 

Fig 124 shows still another form of cell for conductivity deter- 



mmabons, and has the advantage of allowing for temperature deter- 
imnation being made at both anode and cathode For this purpose 
it IS only necessary to remove the glass stoppers and insert the 
thermometers Such a conductivity cell may be separated "mto 
two useful parts by cutting through the glass connecting neck 
with a sharp file and joimng them at almost "any distance from 
one another by inserting a glass tube and rubber connectors We 
will then have a piece of apparatus enabling us to obtain anode 
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and cathode temperatures, to measure absolute velocity of the* 10ns, 
etc , etc 

Fig 125 shows a conductivity cell foi very accurate determina- 
tions, as we have here means not only for making a careful tempera- 
ture observation and coriection, for keeping the temperature constant 



Fig 126 illustrates still another type of conductivity cell, which 
consists of a cyhndrical glass vessel containing two large platinum 
disks fitted loosely within the interior and supported respectively 
by two glass tubes, through which platmum stems are fused These 
tubes, hk*e those m the previous chapter, are designed to be filled, 
or partly filled, with mercury for the purpose of electrical contact? 
and the turned wooden top with holes to receive these tubes with a 
tight fit completes the equipment The center tube carries an ordi- 
nary disk, as shown, suspended by a platinum stem from its center, 
but the tube on the right has its disk suspended from a point eccentric, 
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the Center of the disk being punched out to allow the middle glass 
tube cariying the lower disk to pass through By means of such an 
ari-angeinent the disks may be brought near together or separated, 
and apart fiiem serving the purpose of a useful conductivity cell, 
may be employed also as a very handy and desirable electrolytic 
rheostat for delicate work Every electiolytic laboratory should 
be equipped with a variety of ready decomposition tubes^of various 
shapes and patterns, to be to the electrochemist what the ordinary 
test-tube is to the geneial chemist 

Fig 127 illustrates a simple type of “electrolytic test-tube” of 



Fig 137 Fig 128 


V shape, equipped with platinum electrodes Test-tubes of this pat- 
teisi are exceedingly useful when made from glass, only a few milli- 
metei-s m diameter and 2 or 3 ccntimetere m height There should 
also be test tubes of this type several centimeters m diameter and 15 
or 20 centimeters m height, for the tube is of such general utihty 
that it should be at hand m several sizes 

^Fig 128 is a useful design of cell not onl)^ foi collecting gases 
hberated at the electiodes, but also foi sohds which become detached 
and fall to the bottom It consists merely of a U tube equipped 
with electrodes, and a glass bulb blown upon the lower extremity 
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Such a U tube equipped with a bulb serves a useful eipeninental pur- 
pose when employed m the clectiolysis of chlonde of zme where it is 
piesent m a concentrated aqueous solution When this is connected 
with our lamp-bank and the current allowed to flow for a sufhcienlly 
long time, the bulb will be filled with beautiful ciq'stals of metalhc 
zinc, whereas, if we use a small U tube the branch-hke growth would, 
instead of, breaking off and falhng into the bulb, extend across to 
the positive electrode and shoit-arcmt the cell It will, therefore, 
be seen that such a U tube with bulb serves as a receptical foi 
certain electrode products, and therefore fills a useful purpose 
The TJ tube, as depicted in Fig 129, is of speaal construction 



and IS designed to allow a removable porous partition to be placed 
between the electrodes This partition or diaphragm may be of 
filter-paper, parchment, or even a disk of baked porous matenal, 
as the requiiements may dictate The lower ends of the U tube 
terminate in a bell-shape mouth, over which a clamp may be fixed 
to draw them into close contact with -the separatmg membrane. 
Such*a piece of apparatus wiU serve only in special case^ but it has. 
its application m research work and should be mduded m an equip- 
ment 

Fig 130 illustrates the front and side view of a Hoffmann appara- 
tus, blown from one piece of glass, winch deserves a special place of 
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honor as a device of general utihty Although small pieces of 
Hoffmann apparatus may be ordered from almost any dealer m 
chemical ware, when necessary to employ such a cell on a large 
scale, it will be convement and easy to improvise one by using a long 
length of glass combustion tubing of large bore If a WouU’s bottle 
with three wide necks is available, the assembling of a large Hoff- 



Fig 130 
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maim apparatus is a comparatively simple matter, as will be seen 
by any one with aptitude for construction In place of the Woulf 
bottle a large Hoffmann upparatus for the accumulation of large 
^quantities of electrode gas may be assembled from the combustion 
tubing and a large T joint of glass with rubber connectors 
' In closmg this chapter a few words relative to the Wenhelt inter- 
rupter and alununum rectifier will perhaps be of interest and value 
to us Wenhelt’s dectrolybc interrupter is particularly useful 
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in connection with the operation of induction-coils, for it serves 
to take the place of the ordinary vibrator 

Fig 131 shows a simple form of electrolytic mterruptei, which 
consists simply of a beaker glass containing dilute sulphunc acid, 
into which IS immeised stnps of platinum to serve 
as anode, while the cathode consists of a short 
piece of plg,tmum wire fused mto the lower end 
of a stout glass tube, bent as shown in the illustra- 
tion This tube is filled with mercury, both for 
the purpose of making an electrical contact with 
the platinum wiie cathode and for conducting 
away the heat which is generated there When 
inteiposed in an electrical circuit this device 
serves to rapidly make and break the electnc cur- fig 13 i 
rent The principle of this interrupter is based 
upon the rapid formation and discharge of bubbles of Jiydrogen from 
the platinum point or cathode of the cell which, because of the high 
cuiient density existing, becomes qmte hot Such an interrupter 
operates ’’in a most ^satisfact,ory manner an induction-coil and other 
devices where an intermittent current is desired The adjustment 
IS brought about by varying the distance between the platinum strip 
anode and the platinum cathode, together with changmg the concen- 
tration of the sulphuric acid solution This apparatus is introduced 
here as of scientific interest from an electrochemical standpoint, in the 
behef that the student will profit by conducting experiments there- 
with Another electrolytic cell of remarkable performance is the 
aluminum rectifier, which, when placed in senes in the circuit of 
an alternating current, converts the alternating current into an inter- 
mittent direct current This may be regarded as a species of elec- 
trical "check-valve,” allowing the impulses in one direction to pass 
through and preventing the impulses in the opposite dnection from 
getting paat Such a rectifier consists simply ot a beaker glass con- 
taining a suitable electrolyte, into which is immersed an aluminum 
anode^ and a platinum cathode With such an equipinent, using 
disodium phosphate as an electrolyte, a potential difference as high 
as 300 volts may be estabhshed between the electrodes, while only 
a few hundredths of an ampere wiU flow through the cell m one 
direction, because of its high resistance, whereas the resistance is 




comparatively zero m the reverse direction Such a cell interposed 
in an alternating current circuit with only no volts pressure is of 
exceedingly great interest It is necessary to keep these cells cool 
by the circulation of water, and for this purpose the aluminum elec- 
trode has been employed m the form of a U tube, through winch cold 
water may be made to flow The pnnciple of the lectifici is beheved 
to be based upon the formation of a non-conducting f^m upon the 
aluminum, and which allows a large current to pass througli m one 
direcbon, but only an exceedingly small one in the other 
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